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ABSTRACT 


The  absorption  and  dispersion  of  seismic  waves  has  been 
examined  theoretically  and  by  measurements  on  seismic  check 
shot  data.  A  matrix  method  which  includes  the  effects  of 
absorption  and  dispersion  has  been  described  for  calculating 
plane  wave  synthetic  seismograms  at  vertical  incidence. 
Non-vertical  incidence,  curved  wave  synthetic  seismograms 
which  include  the  effects  of  absorption  and  dispersion  have 
been  calculated  using  modifications  to  existing  ray  theory. 
The  effect  of  multiples  on  seismograms  has  been  briefly 
examined.  The  spectral  ratio  method  for  measuring 
absorption  and  dispersion  has  been  described  and  studies  of 
various  spectral  estimation  techniques  have  been  carried 
out.  A  correction  term  to  remove  the  effects  of  interfering 
reflections  has  been  shown  to  be  necessary  and  has  been 
included  as  part  of  the  spectral  ratio  method.  A  model 
study  of  the  feasability  of  measuring  absorption  and 
dispersion  from  seismic  check  shot  surveys  indicates  that  it 
should  be  possible  to  make  these  measurements  reliably  over 
intervals  of  the  order  of  330  meters  in  thickness.  Actual 
check  shot  data  has  been  examined  and  supports  the 
conclusion  that  the  absorption  coefficient  is  a  linear 
function  of  frequency.  This  data  exhibited  dispersion  which 
is  consistent  with  this  conclusion.  Measured  Q  values  on 
this  data  were  42±2  for  the  depth  interval  549  to  1193 
meters  and  67±6  for  the  interval  945  to  1311  meters. 
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1.  INTRODUCTION 


1.  1  General  Remarks 


The  attenuation  model  which  will  be  used  in  this  thesis 
is  the  familiar  one  of  exponential  decay  as  a  function  of 
distance  which  is  described  by  the  equation 

A  (r)  =  A(0)exp(-ar)  (1.1) 

where  A(r)  is  the  amplitude  at  a  distance  r  from  the  source 
and  A  ( 0 )  is  the  source  amplitude.  The  spatial  attenuation 
factor  is  exp(-ar)  and  "a”  is  the  absorption  coefficient 
which  is  written  as 


a  =  w/2cQ  (1.2) 

where  w  is  the  angular  frequency,  c  is  the  phase  velocity 
and  Q  is  the  specific  attenuation  factor  or  quality  factor. 
This  is  sometimes  defined  as 

£z  =  AE  (1.3) 
Q  E 

where  AE  is  the  amount  of  energy  dissipated  per  cycle  for  a 
harmonic  wave  and  E  is  the  peak  elastic  energy  in  a  cycle  of 
the  harmonic  wave.  Strictly  speaking  equations  1.  2  and  1.  3 
are  not  exact  but  are  expressions  which  are  valid  for  large 
Q  (Zener,  1948,  pages  62-63)  .  The  quantity  ? r/Q  is  referred 
to  as  the  logarithmic  decrement. 
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Until  now  the  nature  of  the  frequency  dependence  of  the 
phase  velocity  c  or  of  the  quality  factor  Q  has  not  been 
specified-  A  discussion  of  this  topic  will  occur  in  later 
sections  of  this  chapter;  however,  for  the  time  being  it  is 
assumed  that  the  absorption  coefficient  "a"  will  be  treated 
as  a  linear  function  of  frequency. 

This  thesis  oatlines  a  method  for  calculating  synthetic 
seismograms  which  include  the  effects  of  absorption  and 
dispersion-  Synthetic  seismograms  will  be  used  for  the 
purpose  of  a  model  study  on  the  measurement  of  absorption. 
The  method  which  will  be  used  to  measure  the  absorption  will 
be  the  spectral  ratio  method  and  in  examining  this  method 
various  methods  of  spectral  estimation  will  be  rewieved-  An 
examination  will  be  made  of  corrections  which  should  be 
applied  to  the  data  with  this  method  and  a  study  will  be 
made  of  the  effect  of  random  noise  on  the  results-  The 
model  study  will  be  concluded  by  outlining  a  procedure  for 
measuring  Q  from  real  data  and  this  will  be  applied  to  a 
limited  amount  of  real  data. 

l-_2  Experimental  Measurements  of  Q 

In  this  section  a  review  is  made  of  the  literature  on 
measurements  of  Q  for  rocks  with  particular  attention  being 
given  to  information  on  the  frequency  dependence  of  Q.  This 
review  will  omit  the  Q  measurements  for  the  earth  from 


. 
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earthquake  records  or  normal  mode  data  although  the 
literature  in  this  area  is  quite  extensive.  Those 
measurements  are  at  low  frequencies  and  often  a  linear 
frequency  dependence  of  the  absorption  coefficient  is 
assumed  in  order  to  infer  the  depth  variation  of  Q.  Most  of 
the  measurements  have  teen  made  in  the  laboratory  on  rock 
samples  although  some  field  measurements  have  been  made. 

Birch  and  Bancroft  (1938)  measured  the  elastic 
coefficients  and  Q  of  a  cylindrical  block  of  Quincy  granite 
244  cm  long  and  23  cm  in  diameter  at  room  temperature  and 
pressure  using  a  resonance  technique.  In  this  method  the 
sample,  usually  rod-shaped,  is  caused  to  vibrate  by  an 
oscillatory  force  and  the  amplitude  of  vibration  is 
measured.  If  the  frequency  of  the  oscillatory  force  is 
varied  and  its  amplitude  held  constant,  then  the  amplitude 
of  vibration  of  the  sample  is  found  to  trace  out  a  resonance 
curve.  If  df  is  the  width  of  the  resonance  curve  when  the 
amplitude  of  vibration  equals  .707  times  the  amplitude  at 
the  peak  frequency  f,  then  1/Q  =  df/f.  The  Q  measured  in 
this  manner  is  the  Q  associated  with  a  particular  type  of 
vibration.  In  the  case  of  longitudinal  vibration  the  Q  is 
that  which  is  associated  with  Young's  modulus  while  in  the 
case  of  torsional  resonance  the  Q  is  associated  with  the 
shear  modulus.  Details  of  this  method  are  given  by  Zener 
(  1937)  or  by  White  (1965).  Birch  and  Bancroft  used 
longitudinal,  torsional  and  flexural  resonances  and 
concluded  that  Q  of  Quincy  granite  was  approximately 


. 
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independent  of  frequency  in  the  frequency  range  140  to  1600 
Hz. 


Born  (1941)  used  a  longitudinal  resonance  technique  to 
measure  the  logarithmic  decrement  on  several  rock  types 
taken  from  guarry  sites  and  from  cores  taken  from  wells. 
He  found  that  the  logarithmic  decrement  for  the  dry 
rock  samples  was  independent  of  frequency.  He  also  studied 
the  effects  of  water  saturation  and  concluded  that  for  water 
saturated  samples  the  total  decrement  was  the  sum  of  a 
frequency  independent  term  and  a  term  which  was  proportional 
to  frequency.  The  latter  term  was  attributed  to  viscous 
losses. 

Bicker  (1953)  reported  on  field  experiments  made  to 
test  the  validity  of  his  "Wavelet  Theory  of  Seismogram 
Structure".  This  theory  uses  a  modified  wave  equation 
containing  a  term  with  a  first  derivative  with  respect  to 
time  to  provide  damping.  Bicker  attributed  this  equation  to 
Stokes  in  1845.  This  type  of  model  is  sometimes  referred  to 
as  a  Kelvin-Voigt  solid.  It  is  a  model  in  which  stress  is  a 
linear  function  of  both  strain  and  strain  rate  and  leads  to 
an  absorption  coefficient  "a"  which  is  proportional  to  the 
square  of  frequency  or  a  Q  which  varies  inversely  as 
frequency.  One  of  the  predictions  of  Bicker's  theory  is 
that  the  wavelet  breadth  will  increase  as  the  square  root  of 
travel  time.  Bicker  conducted  experiments  in  which  shots 


were 
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containing  geophones  at  depths  of  422,  622  and  822  feet 
(129,  190  and  251  meters).  These  experiments  were  carried 

out  in  the  Pierre  shale  near  Limon,  Colorado.  This  shale, 
which  is  of  Cretaceous  age,  was  chosen  because  it  provided  a 
thick  section  of  very  uniform  material  at  or  very  near  to 
the  earth*  s  surface.  Bicker  presented  a  graph  of  46  points 
on  a  log-leg  plot  of  wavelet  breadth  versus  travel  time 
which  shows  a  least  sguares  slope  of  .508.  This  is  in  good 
agreement  with  his  theoretical  value  of  1/2.  He  also 
presented  a  plot  showing  measured  waveforms  and  a  waveform 
computed  from  his  theory.  These  show  fair  agreement; 

however,  as  pointed  out  by  S  Kaufman  in  comments  at  the  end 
of  Bicker*  s  paper,  the  measured  wavelets  are  at  distances  of 
150  to  over  1600  feet  (46  to  over  488  meters)  and  the 

theoretical  wavelet  is  calculated  for  3.5  feet  (1.07 

meters)  .  Two  spectra  were  presented  and  compared  to 
theoretical  spectra.  The  comparisons  are  fair  for 
theoretical  distances  cf  from  3.5  feet  (1.07  m)  to  infinity. 
Amplitude  versus  travel  time  plots  were  also  presented  and 
these  tend  to  show  some  agreement  with  theory;  however, 
amplitudes  are  fairly  uncertain  and  the  agreements  aren*  t 
that  striking- 

Eruckshaw  and  Mahanta  (1  954)  made  laboratory 

measurements  of  the  quality  factor  Q  on  6  different  rock 
types  (granite,  dolerite,  diorite,  sandstone,  shelly 
limestone  and  oolitic  limestone)  in  the  frequency  range  40 
to  120  Hz.  They  used  a  flexural  excitation  technique  in 
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which  a  rod  clamped  at  one  end  is  set  into  forced  vibrations 
at  the  other  end  by  an  alternating  force.  The  motion  on  the 
opposite  side  of  the  bar  at  the  driven  end  is  detected  and 
the  phase  difference  with  the  driving  force  can  be  measured. 
This  allows  a  calculation  of  energy  loss  per  cycle.  They 
found  the  energy  loss  per  cycle  to  be  practically 
independent  cf  frequency. 

Collins  and  Lee  (1956)  presented  data  measured  by  John 
L.  Martin  in  1947-48  but  not  published.  These  measurements 
made  using  longitudinal  vibrations  of  a  limestone  core  both 
dry  and  *100%  water  saturated  indicate  that  Q  is  independent 
of  frequency  even  for  the  100%  saturated  case.  This  would 
not  agree  with  the  results  of  Born  (1941).  They  also 
analysed  strain  measurements  at  distances  of  10,  20  and  27.5 
feet  (3.05,  6.1  and  8.39  meters)  from  an  explosion.  Due  to 
the  scatter  of  the  data  they  were  not  able  to  reach  a 
definite  conclusion  on  the  frequency  dependence  of  the 
absorption  coefficient;  however,  they  did  state  that  it 
appeared  that  it  varied  more  like  the  first  power  of 
frequency  than  the  second  power. 

McDonal  et  al  (1958)  reported  field  measurements  of 
attenuation  made  in  the  Pierre  shale  near  Limon,  Colorado. 
This  is  the  area  where  Ricker  did  his  work.  Shots  at  depths 
of  250  to  300  feet  (76.2  to  91.4  meters)  were  fired  into  5 
detectors  at  depths  from  350  to  750  feet  (107  to  229 
meters) .  Using  velocity  log  information  corrections  were 
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made  to  the  data  for  geometric  spreading.  Because  of  the 
uniformity  of  the  shale  it  was  felt  that  that  there  would  he 
no  problems  with  multiples.  The  absorption  was  measured  by 
Fourier  analysis  of  the  corrected  waveforms.  For  vertically 
travelling  compressional  waves  the  results  indicated  that 
the  absorption  coefficient  was  essentially  a  linear  function 
of  frequency  with  a  least  squares  fit  indicating  a 
dependence  on  frequency  to  the  power  1.1  from  100  to  600  Hz. 
For  horizontally  travelling  shear  waves  the  results  were 
similar  with  the  absorption  coefficient  having  a  linear 
dependence  on  frequency.  They  also  found  that  the  decay  of 
wavelet  amplitude  with  travel  time  and  the  wavelet 
broadening  with  travel  time  were  less  than  Ricker  had 

measured.  The  attenuation  of  shear  waves  in  the  near 
surface  was  found  to  be  much  greater  than  that  of 

compressional  waves. 

Karus  (1958)  made  in  situ  measurements  on  clays,  lavas, 
gneiss  and  other  met  amorphic  rocks  using  a  pulse  method  in 
the  frequency  range  80  to  4500  Hz.  He  concluded  that  the 
aborption  coefficient  was  almost  directly  proportional  to 
frequency. 

Knopoff  and  MacDonald  (1  958)  reviewed  the  existing  data 
on  attenuation  measurements  and  concluded  that  the 
experimental  evidence  indicated  that  the  absorption 

coefficient  was  a  linear  function  of  frequency.  They 

examined  various  theories  and  concluded  that  the  absorption 
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couldn*t  be  accounted  for  by  any  linear  theories. 

Peselnick  and  Zietz  {19  59)  used  a  pulse-echo  technique 
to  measure  the  absorption  coefficient  for  shear  and 
c ompressional  waves  from  3  to  10  MHz  in  three  different 
limestone  samples  at  atmospheric  conditions.  In  this  method 
a  short  pulse  of  compressional  or  shear  waves  is  generated 
by  a  piezoelectric  crystal  transducer  attached  to  one  end  of 
the  specimen.  The  pulse  duration  and  carrier  frequency  can 
be  varied.  The  first  arrival  and  multiply  reflected  signals 
are  detected  at  the  other  end  of  the  specimen  by  a  second 
crystal.  These  arrivals  are  displayed  on  an  oscilloscope 
and  the  decay  in  amplitude  of  the  pulse  can  be  measured  for 
successive  multiples  and  an  absorption  coefficient 
calculated.  Explanation  of  this  method  is  given  by  Roderick 
and  Truell  (1952)  or  White  (1965).  The  absorption 
coefficient  measured  in  this  way  includes  the  effects  of 
apparent  losses  due  to  geometric  spreading  and  reflections 
and  transmissions  at  the  specimen  boundaries.  By  using  6 
different  lengths  of  sample  Peselnick  and  Zietz  found  that 
these  other  losses  were  negligible  in  respect  to  the 
absorption.  They  found  that  the  absorption  coefficient  was 
proportional  to  frequency  for  compressional  and  shear  waves 
in  the  three  samples. 

Shumway  (1  960a,  1960b)  used  a  longitudinal  resonance 

technique  to  measure  the  attenuation  of  samples  of 
unconsolidated  marine  sediments  taken  from  the  sea  floor. 
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He  tabulated  many  measurements  on  111  samples  at  one,  two  or 
three  frequencies  in  the  range  20-30  kHz.  He  looked  at  the 
relation  of  absorption  to  porosity  and  also  to  frequency. 
His  analysis  of  65  samples  gave  a  dependence  of  the 
absorption  coefficient  of  frequency  to  the  power  1.79  ±  .98. 

Auberger  and  Rhinehart  (1961)  used  a  pulse  transmission 
technique  in  which  a  pulse  was  transmitted  through  samples 
of  the  same  rock  of  three  different  lengths.  The  amplitudes 
of  the  transmitted  pulses  were  compared  and  attenuation 
coefficients  calculated.  The  piezoelectric  transcuders 
which  were  used  had  frequencies  in  the  range  250  to  1000 
kHz.  They  carried  out  measurements  of  absorption  versus 
frequency  on  8  rock  types  (3  granites,  andesite,  2 
sandstones,  limestone  and  marble) .  In  all  cases  their 
absorption  versus  frequency  curves  showed  irregular  shapes 
consisting  of  peaks  and  troughs.  In  general  there  seemed  to 
be  an  increase  of  attenuation  with  frequency,  but  this  was 
not  always  seen.  They  attributed  these  peaks  to  resonance 
effects  due  to  grains.  It  should  be  noted  that  their 
attenuation  values  are  very  high  and  this  might  indicate 
that  they  were  not  measuring  just  the  effects  of  absorption. 
In  fact  Klima  et  al  (1962)  pointed  out  that  the  method  of 
plotting  peak  amplitudes  of  a  time  domain  pulse  against 
distance  without  divergence  corrections  can  lead  to 
completely  incorrect  values  of  the  absorption  coefficient. 
In  the  case  of  a  few  observations  at  small  distances  this 
would  cause  the  values  to  be  too  large. 
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Peselnick  and  Outerbridge  (1961)  measured  the 
absorption  coefficient  of  Solenhoffen  limestone  over  the 
frequency  range  of  3.89  to  1  07  Hz.  For  frequencies  of  3.89 
and  6.52  Hz  they  measured  the  decay  of  free  oscillations  of 
a  torsion  pendulum.  For  frequencies  of  6.2  to  28.5  kHz  they 
used  resonance  methods  and  for  frequencies  around  10  MHz 
they  used  pulse-echo  methods.  The  measurements  were  made  at 
room  conditions  and  indicated  that  the  logarithmic  decrement 
increased  by  25%  between  6.5  and  18,600  Hz  and  by  about  a 
factor  of  4  between  6.5  Hz  an  d  9  HHz.  The  increase  observed 
in  the  HHz  range  may  be  too  high  because  of  Eayleigh 
scattering  effects  and  the  fact  that  a  sample  of  lower 
density  was  used  at  these  frequencies.  This  data  would 
certainly  suggest  that  over  a  very  wide  range  of  frequencies 
Q  is  essentially  independent  cf  frequency. 

Usher  (1962)  measured  Q  for  various  rock  types  in  the 
frequency  range  2  tc  40  Hz  by  using  a  forced  oscillation 
technique  and  measuring  the  phase  angle  of  the  deformation 
in  the  rock  relative  to  a  steel  bar.  He  calculated 
Q  from  this  phase  difference  and  found  that  Q  was  nearly 
constant  as  a  function  of  frequency  for  dry  rocks  except 
at  frequencies  below  10  Hz.  This  could  be  due  to 
experimental  errors  at  low  frequencies.  For  water  saturated 
rocks  he  found  a  decrease  in  Q  and  an  increase  in  its 
apparent  dependence  on  frequency. 


Wylie  et  al  (  1962)  examined  the  absorption  of  waves  in 
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fluid  saturated  porous  rocks  as  a  function  of  fluid 
saturation  using  a  resonant  bar  method.  They  suggested  that 
the  total  logarithmic  decrement  was  the  sum  of  the  frequency 
independent  frame  decrement  (jostling  losses)  and  a 
frequency  dependent  decrement  associated  with  the  fluid 
motion  (sloshing  losses).  They  indicated  that  the  frame 
decrement  might  be  the  sum  of  a  frequency  independent  term 
and  a  frequency  dependent  term  resulting  from  chemical  and 
physical  effects  of  the  fluid  on  the  cementing  material. 
They  stated  that  the  theory  of  Biot  (1956)  could  be  used  to 
predict  the  sloshing  decrement.  No  evidence  was  given 
showing  the  frequency  dependence  of  the  total  decrement. 

Nolle  et  al  (  1963)  plotted  amplitudes  of  the  reflected 
signal  against  sand  thickness  for  various  thickness  of  sand 
and  used  this  to  calculate  absorption  coeff icients.  The 
reflected  signal  came  from  the  bottom  of  a  cylinder  filled 
with  sand  overlain  with  water-  The  sand  was  a  white  quartz 
sand  with  all  corners  removed  by  erosion  and  was  sieved  to 
give  particles  of  the  same  size.  The  signal  frequency  was 
189  to  1000  kHz.  They  found  the  absorption  coefficient  to 
vary  as  the  square  root  of  frequency  in  this  range. 

Knopoff  and  Porter  (1963)  measured  the  absorption  of 
Bayleigh  waves  on  the  surface  of  a  sample  of  Westerly 
granite  in  the  laboratory-  They  found  that  in  the  frequency 
range  50  kHz  to  400  kHz  Q  was  frequency  independent.  At 
higher  frequencies  they  found  a  fourth  power  dependence  of 
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the  absorption  coefficient  on  frequency  which  they 
attributed  to  Rayleigh  scattering.  Knopoff  (1959)  has  given 
a  formula  for  relating  the  Q  of  Rayleigh  waves  to  the  Q  for 
P  waves  and  that  for  S  waves. 

Wood  and  Weston  (1964)  used  a  transmitted  pulse 
technigue  to  measure  the  attenuation  of  mud  at  the  bottom  of 
Emsworth  harbor  in  the  frequency  range  4kHz  to  50  kHz.  They 
found  that  the  absorption  coefficient  showed  a  linear 
dependence  on  frequency  for  the  harbor  mud. 

Knopoff  (1964)  in  an  excellent  review  article  discussed 
laboratory  measurements  of  Q  in  metals,  non-metals  and 
rocks.  The  measurements  in  rocks  have  been  discussed  above; 
however,  the  measurements  in  metals  and  non-metals  have  not 
been  discussed.  He  provides  references  to  these 
measurements  as  well  as  tables.  All  of  these  data  indicate 
that  the  absorption  coefficient  is  dependent  on  the  first 
power  of  frequency  and  hence  that  Q  is  independent  of 
frequency  for  the  small  strains  of  interest  in  seismic  wave 
propagation.  He  then  discussed  several  models  for  the 
absorption  process.  This  is  a  pronlem  that  will  be  examined 
later  in  this  chapter.  He  also  discussed  measurements 
of  attenuation  using  earth guake  induced  Rayleigh  and  Love 
surface  waves  of  different  periods  and  also  measurements 
based  on  standing  waves  of  the  free  modes  of  oscillation  of 
the  earth.  Using  the  assumption  of  the  frequency 
independence  of  Q  and  measurements  of  surface  waves  and  free 
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modes,  he  was  able  to  infer  a  Q  versus  depth  structure  for 
the  mantle.  This  is  possible  since  surface  waves  of 
different  periods  sample  different  depths  of  the  earth. 

Wuenschel  (1  965)  analyzed  the  data  collected  by  McDonal 
et  al  (1958)  for  dispersion.  He  showed  that  dispersion  was 
present  along  with  the  observed  absorption  and  that  both  the 
absorption  and  dispersion  of  the  data  could  be  described  by 
a  theory  given  by  Futterman  (  1962).  He  also  performed  model 
studies  on  plexiglass  which  showed  the  same  good  agreement 
with  this  theory. 


Cole  (1965)  studied  reflections  from  the  Newfoundland 
abyssal  plane  and  the  Gulf  of  Alaska  and  showed  that  the 
energy  loss  on  reflection  was  consistant  with  an  absorption 
coefficient  depending  on  the  first  power  of  frequency  but 
not  with  one  depending  on  frequency  squared  or  on  the  square 
root  of  frequency.  The  frequency  range  of  this  study  was 
100  to  900  Hz. 


Bradley  and  Fort  (1966)  concluded  from  a  review  of  the 
literature  that  Q  is  essentially  independent  of  frequency 
over  a  frequency  range  of  about  IQ6  Hz.  They  tabulated 
values  of  Q  for  several  rock  types  and  provide  a  very 
complete  and  extensive  list  of  references  to  the  literature 
from  which  these  measurements  were  taken. 

Atwell  and  Bamana  (1  966)  analysed  a  great  deal  of  the 
published  data  on  absorption  coefficients  of  rocks  from 
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laboratory  measurements,  field  measurements  and  measurements 
from  earthquake  seismograms-  They  applied  a  least-sguare s 
analysis  to  all  of  the  data  and  concluded  that  the 
absorption  coefficient  seemed  to  depend  on  the  first  power 
of  frequency  over  the  frequency  range  10~3  Hz  to  10®  Hz. 

Hampton  (1967)  reported  on  laboratory  measurements  of 
attenuation  in  water  saturated  sediments-  Measurements  were 
made  between  4  kHz  and  30  kHz  using  a  standing  wave  tube  and 
between  50  kHz  and  600  kHz  by  measuring  pulse  amplitudes. 
He  concluded  that  that  the  absorption  coefficient  of  clay 
and  clay-sand  mixtures  (up  to  15%  sand  by  weight)  depends  on 
frequency  raised  to  the  power  1-37-  As  the  sand  proportion 
increases  above  15%  the  exponent  of  the  frequency  decreases 
and  becomes  -  5  for  pure  sand. 

Sato  (1967)  reviewed  results  of  Q  measurements  from 
recordings  of  body  waves,  surface  waves  and  free 
oscillations  associated  with  earthquakes.  He  also  discussed 
inversion  of  this  data  to  produce  Q  versus  depth  values  for 
the  entire  earth.  He  presents  theoretical  relationships  for 
the  Q's  associated  with  P  and  S  waves  to  those  associated 
with  Love  and  Rayleigh  waves. 

Merkulova  and  Vasil'tsoy  (1967)  reported  on  Q 
measurements  obtained  from  the  decay  of  forced  flexural 
vibrations  of  rod-like  samples  of  coaly-clay  shale  and 
quartzite  in  the  frequency  range  50  to  1000  Hz.  They 
concluded  that  Q  is  practically  independent  of  frequency. 
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Merkulova  (1  968)  used  a  resonance  technique  to  calculate  Q 
for  rocks  in  the  10  kHz  to  160  kHz  range*  Comparing  these 
results  to  those  of  1967  and  to  those  obtained  by  a  pulse 
method  in  the  frequency  range  .6  MHz  to  6  MHz  reported  by 
Merkulova  (1966)  he  concluded  that  Q  is  essentially 
independent  of  frequency* 

McLeroy  and  DeLoach  (1968)  measured  the  attenuation  of 
samples  of  sea  floor  sediments  collected  in  tanks  4  by  3  by 
2  feet  (120  by  90  by  60  cm)  deep  from  Saint  Andrew  Bay, 
Florida.  They  used  a  transmitted  pulse  in  the  frequency 
range  15  kHz  to  1  MHz  and  their  conclusion  was  that  the 
absorption  coefficient  depended  on  the  first  power  of 
frequency. 

Tuilos  and  Reid  (1969)  conducted  experiments  in  the 
sediments  in  the  Gulf  of  Mexico  in  an  attempt  to  measure 
attenuation.  They  used  blasting  caps  as  sources  and 
geophones  cemented  to  the  earth  at  various  depths  in  a 
borehole  as  receivers.  The  data  was  corrected  for  the 
angles  between  rays  and  the  geophone  axis  and  for  geometric 
spreading.  To  remove  the  effects  of  constructive  and 
destructive  interference  due  to  reflections  the  pulses  were 
gated  in  the  time  domain.  The  spectra  of  the  gated, 
corrected  pulses  were  also  smoothed  in  the  frequency  domain. 
The  ratio  of  spectra  at  different  depths  was  then  calculated 
and  from  this  spectral  ratio  it  was  possible  to  determine 
the  nature  of  the  frequency  dependence  of  the  absorption 


.  : 


. 

*  • " 


16 


coefficient  and  also  a  value  of  Q.  Either  spectral  ratios 
were  averaged  in  a  given  region  of  depth  or  spectra  were 
averaged  over  geophones  that  were  close  together  or  spectra 
were  averaged  over  different  shots  recorded  at  the  same 
location.  They  found  that  the  absorption  coefficient 
depended  on  the  first  power  of  frequency  for  depths  of  1  to 
1000  feet  (.3  to  305  meters)  and  frequencies  of  50  to  400 
Ez.  They  calculated  the  absorption  over  the  intervals  1  to 
10  (.3  to  3  m),  7.5  to  100  (2.3  to  30),  100  to  500  {30  to 

152  m)  and  500  to  1000  feet  (152  to  305  meters)  with  the 
measured  Q  values  for  P  waves  being  2,  160,  75  and  135 
respectively. 

Stoll  and  Bryan  (1970)  reviewed  the  theories  of  Biot 
(1956,  1962a,  1962b)  in  regard  to  predicting  absorption- 

They  calculated  theoretical  values  of  absorption  for  various 
fluid  saturated  sands,  clays  and  muds  and  got  fairly  good 
agreement  with  the  experimental  results  of  Shumway  (1960)  , 
Nolle  et  al  (1963),  Wood  and  Weston  (1964),  Cole  (1965)  and 
Hampton  (1967) .  They  concluded  that  the  absorption  is 
controlled  by  frame  losses  at  low  frequencies  resulting 
in  a  linear  dependence  of  the  absorption  coefficient  on 
frequency.  At  higher  frequencies  viscous  losses  dominate 
and  the  dependence  is  on  frequency  raised  to  the  n*  th  power 
where  n  increases  in  the  range  1  to  2  and  then  decreases. 
At  very  high  frequencies  the  frame  losses  again  begin  to  be 
important.  They  pointed  out  that  the  terms  high  and  low 
frequency  are  meaningful  only  with  respect  to  the  particular 
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material  being  considered, 

McCann  and  McCann  (196  9)  concluded  that  the  attenuation 
of  compressional  waves  in  sediments  can  be  explained  in 
terms  of  two  mechanisms,  namely  viscous  losses  and  solid 
friction  losses.  They  also  concluded  that  for  real 
sediments  in  the  frequency  range  5kHz  to  50kHz  at  a  depth  of 
burial  of  2  meters  or  more  solid  friction  losses  dominate. 
They  presented  some  experimental  data. 

Clowes  and  Kanasew  ich  (1970)  compared  the  autopower 
spectra  of  deep  crustal  seimic  reflections  from  southern 
Alberta  with  theoretical  spectra  generated  using  a  synthetic 
seismogram  modelling  program  that  included  the  effects  of 
absorption.  Assuming  Q  is  a  linear  function  of  frequency 
they  suggested  that  the  average  £  for  P  waves  for  the  upper 
2  kilometers  of  crust  was  300  and  that  the  average  for  the 
lower  40  kilometers  was  1500. 

Hamilton  (1972)  reported  the  results  of  in  situ 
measurements  of  compressional  velocity  and  absorption  in  the 
sea  floor  off  San  Diego  in  the  frequency  range  3.5  kHz  to 

100  kHz.  He  analysed  this  data  as  well  as  data  from  other 

sources  in  the  literature  and  concluded  that  the  absorption 
coefficient  is  approximately  dependent  on  the  first  power  of 
frequency.  He  also  examined  the  relationship  between  the 
absorption  coefficient  and  porosity  and  the  mean  grain  size 

of  sands.  In  a  later  paper  Hamilton  (1975)  added  more  data 

from  the  literature  to  his  1972  data.  This  data  further 
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supports  his  conclusion  about  the  frequency  dependence  of 
the  absorption  coefficient.  He  also  studied  the  variation 
of  absorption  with  depth. 

Gladwin  and  Stacey  (1974)  have  measured  the  rise  time 
of  pulses  propogating  through  quarry  walls,  hard  rock  tunnel 
walls  and  concrete  blocks  as  a  function  of  distance.  They 
found  that  the  rise  time  varies  directly  as  the  travel  time 
and  not  as  the  square  root  cf  travel  time  as  Ricker  (19  53) 
predicted . 

Hart  et  al  (1977)  have  shown  that  if  the  dispersion 
associated  with  absorption  is  taken  into  account  when 
comparing  earth  models  deduced  from  normal  mode  data  with 
those  derived  from  body  wave  data  then  the  resulting  models 
will  be  in  better  agreement. 

Toksoz  et  at  (19  79)  used  spectral  ratios  of  ultrasonic 
pulses  in  the  frequency  range  of  .4  to  1-2  MHz  to  study  the 
absorption  as  a  function  of  frequency  for  P  and  S  waves  in 
dry  and  brine  saturated  rock  samples  at  various  pressures. 
In  all  cases  the  absorption  coefficient  was  found  to  be  a 
linear  function  of  freguency. 

In  summing  up  all  of  the  literature  data  which  has  just 
been  discussed  it  is  useful  to  consider  laboratory  data  and 
field  experiments  separately. 

In  looking  at  the  laboratory  data  we  find  that  the 
works  of  Birch  and  Bancroft  (1  938),  Born  (1941),  Bruckshaw 
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and  Mahanta  (1954),  Collins  and  Lee  (1956),  Peselnick  and 
Zietz  (1959),  Peselnick  and  Cuterbridge  (1961),  Osher 
(1962),  Knopoff  and  Porter  (1963),  Merkulova  (1  968)  and 

Toksoz  et  al  (1979)  all  agree  that  in  dry  rocks  the 

absorption  coefficient  depends  on  the  first  power  of 
frequency  and  thus  Q  is  independent  of  frequency.  This 

agrees  with  results  for  metals  and  other  solids  as  pointed 
by  Knopoff  (1964).  The  range  of  frequencies  covered  by 
these  experiments  is  very  wide  (4  or  5  Hz  to  10  MHz)  and 

analysis  of  all  of  this  collected  data  leads  to  the  same 
conclusion  about  the  frequency  dependence  as  pointed  by 
Atwell  and  Ramana  (1  966).  The  only  laboratory  experiments 
to  suggest  any  other  frequency  dependence  are  those  of 
Auterger  and  Rhinehart  (1961)  and  as  discussed  earlier  there 
may  be  problems  with  these  measurements. 

The  laboratory  data  on  the  frequency  dependence  of  Q 
for  water  saturated  rocks  is  not  as  clear  as  that  for  dry 
rocks-  At  frequencies  greater  than  1000  Hz  Born  (1941), 
Shumway  (1960a,  1960b),  Nolle  et  al  (1  963)  and  Hampton 

(1967)  all  suggested  some  form  of  frequency  dependence. 
This  ranges  from  Q  varying  inversely  as  frequency  to  Q 
varying  as  directly  as  the  square  root  of  frequency. 
Hampton  (1  967)  pointed  out  that  the  frequency  dependence  at 
these  frequencies  depends  on  the  rock  type.  There  is  also 
evidence  at  these  frequencies  that  Q  does  not  depend  on 
frequency  for  saturated  rocks  as  pointed  out  by  Collins  and 
Lee  (1956),  McLeroy  and  DeLoach  (1967)  and  Toksoz  et  al 
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(1979).  Laboratory  evidence  on  the  frequency  dependence  of  Q 
in  water  saturated  rocks  below  1000  Hz  was  given  by  Collins 
ana  Lee  (1956)  who  reported  that  Q  didn't  seem  to  depend  on 
frequency  down  to  100  Hz  and  by  Usher  (1962)  who  reported 
some  frequency  dependence  for  water  saturated  rocks  between 
2  and  40  Hz- 

Field  experiments  have  been  done  on  land  in  the  Pierre 
shale  of  Colorado  by  Ricker  (1953)  who  concluded  that  the 
absorption  coefficient  is  proportional  to  the  square  of 
frequency  and  hence  that  Q  varies  inversely  as  frequency  and 
by  McDonal  et  al  (1  958)  who  concluded  that  the  absorption 
coefficient  depends  on  the  first  power  of  frequency  and 
hence  that  Q  is  constant.  Karus  (1958)  also  concluded  that 
Q  is  constant.  Wuenschel  (1965)  analysed  the  data  of 
McDonal  et  al  and  fitted  the  observed  dispersion  to 
Putter  man 1  s  model  which  requires  a  linear  frequency 
dependence  of  the  absorption  coefficient. 

In  my  opinion  the  conclusion  that  Ricker's  Wavelet 
Theory  agrees  with  his  experimental  data  has  not  been  proven 
in  his  paper.  The  wavelet  breadth  versus  travel  time  plot 
doesn't  prove  that  this  is  the  only  theory  that  could 
explain  the  results.  The  same  criticism  would  apply  to  the 
amplitude  versus  travel  time  plots.  As  has  been  pointed  in 
the  previous  discussion  of  this  work  there  is  a  distance 
problem  in  the  comparison  of  observed  and  theoretical 

Also ,  I  believe  that  one  could  argue  that  the 


wavelets . 
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theoretical  and  observed  wavelet  comparisons  and  spectral 
comparisons  suggest  that  perhaps  this  theory  might  predict  a 
basic  wavelet  shape  near  to  the  source  but  that  it  doesn't 
describe  the  wavelet  propagation  outside  this  region.  A 
plot  of  the  ratio  of  amplitude  spectra  versus  frequency  for 
the  recorded  waveforms  from  the  same  shot  at  different 
distances  which  was  not  made  would  have  provided  information 
about  the  frequency  dependence  of  the  process.  McDonal  et 
al  (1558)  in  the  same  Pierre  shale  reported  results  which 
disagree  with  the  amplitude  decay  and  wavelet  broadening 
reported  by  Ricker.  They  also  do  a  Fourier  analysis  which 
shows  that  the  absorption  coefficient  is  proportional  to  the 
first  power  of  frequency.  Ricker*  s  work  has  also  been 
criticized  by  Van  Melle  (1954)  on  the  basis  of  energy 
considerations.  He  calculated  the  actual  energy  in  the 
travelling  wave  and  then  used  Ricker's  theory  to  extrapolate 
back  towards  the  source.  At  a  distance  of  36  feet  (11 
meters)  he  calculated  that  the  wavelet  contains  7  times  as 
much  energy  as  the  initial  charge  could  possibly  have  had. 

Other  field  experiments  include  those  of  Wood  and 
Weston  (1964)  and  Hamilton  (1972)  in  the  ocean  bottom. 
These  experiments  showed  that  the  absorption  coefficient  is 
a  linear  function  of  frequency  in  the  range  4kHz  to  100  kHz. 
Cole  (1965)  arrived  at  a  similar  conclusion  from  analyzing 
ocean  bottom  reflections  in  the  frequency  range  100  to  900 
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Tullos  and  Reid  (1969)  measured  absorption  in  the  3ulf 
coast  sediments  down  to  a  depth  of  1000  feet  (305  meters)  in 
the  frequency  range  50  to  400  Hz  and  concluded  that  the 
absorption  coefficient  is  a  linear  function  of  frequency  and 
hence  that  Q  is  constant. 

Based  on  all  this  data  it  is  clear  that  the  absorption 
coefficient  is  a  linear  function  of  frequency  and  hence  that 
Q  is  a  constant.  This  conclusion  is  made  for  frequencies  of 
interest  in  seismic  exploration  (10  to  500  Hz)  and  for  in 
situ  rocks.  All  of  the  data  support  this  conclusion  except 
that  of  Ricker  (1953)  and  some  laboratory  measurements  on 
water  saturated  rocks.  The  discrepancy  of  the  lab 
measurements  can  likely  be  explained  in  terms  of  Biot's 
theory  with  the  losses  made  up  of  a  viscous  term  due  to  the 
fluid  motion  plus  a  solid  friction  term  due  to  the  bulk  rock 
material  and  the  latter  will  likely  dominate  at  the 
frequencies  of  interest  as  suggested  by  Stoll  and  Bryan 
(1969).  McCann  and  McCann  (  1969)  suggested  that,  while  the 
viscous  losses  may  dominate  in  the  lab  at  zero  overburden 
pressure,  for  real  sediments  at  a  depth  of  burial  of  two 
meters  or  more  the  solid  friction  method  will  dominate.  The 
calculations  of  Johnston  et  al  (1979)  also  indicate  that  the 
frictional  losses  will  dominate. 

Table  1.1  is  a  summary  of  the  Q  values  measured  for 
various  rocks  in  the  laboratory  and  the  field  along  with  the 
source  of  the  measurement.  The  various  Q's  apply  to 
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Book  Type 

Frequency 

Q  Value 

Eef eren 

chalk 

2-40 

Qy= 100-120 

7 

diorite 

40-120 

Qy= 125 

3 

diorite 

2-40 

Qy=200-300 

7 

dolerite 

40-120 

Gy=90 

3 

granite 

40-120 

Qy=50 

3 

Quincy  granite 

140-1600 

Qy=1 00-200 

1 

Quincy  granite 

14  0-1600 

Qs=  150-2  00 

1 

Westerly  granite 

50-400  kHz 

Qr=79 

8 

limestone  1-1 

5-10  MHz 

Qp=1 70 

5 

limestone  1-1 

3-15  MHz 

Qs=4  0  0 

5 

limestone  H-  1 

5-10  MHz 

Qp=  19  0 

5 

oolitic  limestone 

40-120 

Qy=4  0 

3 

shelly  limestone 

40-120 

Qy  =6  0 

3 

Kunton  limestone 

2. 8-10.6  kHz 

Qy=59-7 1 

2 

Solenhoffen  limestone 

3-15  MHz 

Qp=1 10 

5 

Solenhoffen  limestone 

3-9  MHz 

Qs=1 9  0 

5 

Solenhoffen  limestone 

4  Hz- 10  MHz 

Qs=1 80-800 

6 

sandstone 

4-120 

Qy=20 

3 

Amherst  sandstone 

Berea  Sandstone 

930-3830 

Qy=  5 1 -55 

2 

15  psi  dry 

.6-1.1  MHz 

Qp=22 

11 

15  psi  wet 

.6-1.1  MHz 

Qp=16 

11 

5000  psi  dry 

.6-1.1  MHz 

Qp=1 00 

11 

8000  psi  wet 

.6-1.  1  MHz 

QP=78 

11 

15  psi  dry 

.4-1.2  MHz 

Qs=20 

11 

15  psi  wet 

. 4-1. 2  MHz 

Qs  =  8 

11 

5000  psi  dry 

.4-1.2  MHz 

Qs= 105 

11 

8000  psi  wet 

.4-1.2  MHz 

Qs=36 

11 

Old  Bed  sandstone 

2-40 

Qy =8  0-9  0 

7 

coaly-clay  shale 

50-1000 

Qy=75 

9 

Pierre  shale 

100-600 

Qp=32 

4 

Pierre  shale 

25-150 

Qs=1  0 

4 

Sylvan  shale 

3. 4-12.8  kHz 

Qy=  70-75 

2 

quartzite 

50-1000 

Qy= 180 

9 

cap  rock  core 

100-6600 

Qy=35-62 

2 

Cockf ield-Yegua  core 
Gulf  Coast  Sediments 

3.6-10.9  kHz 

QY=65-7  0 

2 

.3  to  3  m 

50-400 

QP=2 

10 

2.3  to  30  m 

50-400 

Qp=1 80 

10 

30  to  152  m 

50-400 

QP=  7  5 

10 

152  to  305  m 

50-400 

Qp= 135 

10 

Table  1.1  Summary  of  Experimental  Measurements  of  Q. 
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different  elastic  moduli  and  Qp  is  associated  with  P  wave 
propagation,  Qs  with  the  the  shear  modulus  or  shear 
propagation,  Qy  with  Young*s  Modulus  and  Qr  with  Rayleigh 
wave  propagation.  Table  1.2  lists  the  references  for  the 
measurements  which  are  summarized  in  Table  1. 1. 


1. 3  Absorption  Models 

In  this  section  various  models  of  the  absorption 
mechanism  will  be  discussed  including  the  model  which  is 
used  in  this  thesis.  All  of  the  models  examined  have  a 
linear  or  nearly  linear  dependence  of  the  absorption 
coefficient  on  freguency  since  the  experimental  data 
discussed  in  the  previous  section  indicate  that  this  is  the 
case. 


The  first  model  to  be  examined  is  the  one  which  will  be 
used  in  this  thesis.  It  was  proposed  by  Futterman  (1962) . 
He  defined  the  displacement  of  a  one  dimensional  plane  wave 
as 


U(r,t)  =  U  (0)  exp[  i  (Kr-vt)  ]  (1*4) 

where  TJ(r,t)  is  the  displacement  as  a  function  of  distance  r 
and  time  t  and  U  ( 0 )  is  the  initial  displacement  at  the 
source.  The  angular  freguency  is  w  and  K  is  the  complex 
propagation  constant 


K  (w)  =  k  (w)  +  i  a  (w) 


(1.5) 


Number 


Reference 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 


Birch  and  Bancroft  (1938) 

Born  (1941) 

Bruckshaw  and  Mahanta  (1954) 
McDonal  et  al  (1958) 

Pesselnick  and  Zietz  (1959) 
Pesselnick  and  Outerbridge  (1961) 
Osher  (1962) 

Knopoff  and  Porter  (1963) 
Merkulova  and  Vasil’tsoy  (1967) 
Tullos  and  Reid  (1969) 

Toksoz  et  al  (1979) 


Table  1.2  References  for  Table  1.1 
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where  k  is  the  wave  number  and  a  is  the  absorption 
coefficient.  K  obeys  the  symmetry  relationship 

K  (w)  =  CONJUGATE  [K(-w)]  (1.6) 

where  CONJUGATE  indicates  the  complex  conjugate. 

Eutterman  assumed  two  things  in  his  derivations.  The 
first  was  that  the  absorption  coefficient  would  vary 
strictly  linearly  with  frequency  over  the  range  of 
measurement.  The  second  assumption  was  that  the  wave  motion 
could  be  described  by  a  linear  theory.  This  meant  that  the 
superposition  principle  could  be  applied.  It  also  meant 
that  the  presence  of  absorption  was  a  necessary  and 
sufficient  condition  for  the  presence  of  dispersion. 

Futterman  then  introduced  the  notion  of  a  complex  index 
of  refraction  given  by 

N  (w)  =  K  (w)  /k  »  (w)  (1. 7) 

where  kf(w)  defines  the  non-dispersive  behaviour  of  the 
medium  at  the  same  frequency.  It  was  then  necessary  to 
introduce  into  the  theory  a  low  frequency  cutoff  so  that  the 
phase  velocity  would  be  bounded  as  the  frequency  approached 
zero.  If  c°  is  the  limit  of  the  phase  velocity  below  this 
cutoff  frequency  then  this  meant  that  the  limits  of  c°/c(w) 
and  a(w)/w  were  finite  as  w  approached  zero.  This  implies 
that  at  very  low  frequencies  "a"  approaches  zero  faster  than 
a  linear  function  of  frequency.  Then 
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k1  (v)  =  w/c° 


(1-8) 


and 


N(w)  =  c°  K  (w)  /w  (1,9) 

and  the  limit  of  N(w)  as  ¥  approaches  0  is  1. 

There  is  also  a  high  freguency  cutoff  limit  in  this 
theory.  The  high  frequency  cutoff  vas  introduced  so  that 
the  limit  of  a  (w) /v  would  approach  zero  as  w  became 
infinite.  This  implies  that  at  very  high  frequencies  "a" 
behaves  as  if  the  frequency  dependence  is  on  a  power  less 
that  one.  This  requirement  is  also  required  in  order  to 
satisfy  the  Paley-Siener  criterion  (see  Kanasewich  (1  975) 
page  146)  .  Thus  there  is  no  absorption  allowed  at  infinite 
frequency  and  the  imaginary  part  of  N(w)  is  zero. 

By  using  the  principle  of  causality  Futterman  applied  a 
K  ramers- Kronig  type  of  relation  (see  Kittell  (1976)  page 
324)  or  Hilbert  transform  to  relate  the  real  and  imaginary 
parts  of  the  complex  index  of  refraction.  This  gave  him  a 
relationship  between  the  dispersion  which  is  described  by 
the  real  part  of  the  complex  index  and  the  absorption  which 
is  described  by  the  imaginary  part  of  the  index.  He  then 
considered  three  forms  of  the  absorption,  all  of  which 
satisfied  the  assumption  that  the  absorption  coefficient  was 
a  linear  function  of  frequency  in  the  range  of  interest. 
The  third  absorption-dispersion  pair  which  he  described  is 
the  one  which  will  be  used  as  a  model  in  this  thesis.  For 
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this  pair 

Im[  N  (x)  ]  =  [  1-exp  (-x)  ]/2Q°  (1.10) 

where  x=w/w°  and  v°  is  the  lew  frequency  cutoff.  QO  is  the 
reduced  quality  factor  given  by 

Q°  =  w  /  [  2a  ( w)  c°  ].  (1.11) 


For  Q  »  6.  28 


2c  (w)  Q  ( w)  =  2c°  Q° 


and 


(1.  12) 


a(w)  =  w/2c  ( w)  Q  (w) 

where 


(1.  13) 


Q  ( x)  =  Qo  -  In  (7x)  A 


(1.  14) 


and 


c  ( x)  =  C0[  1  -  ln(7X)/7rQO]-l.  (1.15) 

Euler*s  constant  is  In  (7 )=.  57 721 57.  Equations  1.14  and  1.15 
are  valid  only  for  w  >>  w°.  Note  that  the  group  velocity 
associated  with  this  absorption-dispersion  pair  is 

u  (x )  =C°[1  -  {1+ln(7x)}/7rQO]-i.  (1.16) 

Thus  the  group  velocity  will  be  slightly  greater  than  the 
phase  velocity. 
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Equations  1.13  to  1.15  describe  the  absorption  model 
which  will  be  used  in  this  thesis.  Note  that  the  absorption 
coefficient  given  by  equation  1.13  is  a  linear  function  of 
frequency  in  the  frequency  range  of  interest.  In  this  model 
there  is  a  low  frequency  cutoff  below  which  no  dispersion 
exists;  however,  the  value  of  this  low  frequency  cutoff  can 
be  made  as  close  tc  zero  as  we  want.  Also  note  that  in 
deriving  these  relations  a  high  frequency  limit  was  also 
introduced  such  that  above  this  limit  there  is  no 
absorption;  however,  this  limit  can  be  as  high  as  we  want  so 
that  the  theory  is  valid  over  whatever  frequency  range  we 
would  be  interested  in  for  seismic  exploration  purposes.  No 
attempt  was  made  to  describe  a  physical  mechanism  for  the 
energy  loss  in  this  theory  as  the  theory  was  just  derived 
from  the  assumptions  that  a  linear  theory  was  valid  and  that 
the  absorption  coefficient  varied  as  the  first  power  of 
frequency. 

It  is  interesting  to  compare  futterman's  theory  with 
one  given  by  Lomnitz  (1  957)  to  explain  the  relationship 
between  transient  creep  and  internal  friction  in  solid 
materials.  Lomnitz  started  from  Boltzman*s  "theory  of 
elastic  working"  (Boltzman,  1876)  which  was  later  extended 
by  Zener  (1948)  .  According  to  this  theory  the  strain  is 
related  to  the  stress  by  an  eguation  of  the  form 

t 

e  (t)  =[p(t)  ♦  Jp  (t)f  (t  — t • )  dt'  ]/m 


—  oo 


(1.  17) 
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where  p(t)  is  the  stress  as  a  function  of  time,  e(t)  is  the 
strain  as  a  function  of  time,  m  is  an  elastic  constant  and 
f  (t)  is  the  creep  function.  Note  that  Zener  (1948)  refers 
to  this  function  as  the  creep  function  but  that  Lomnitz 
(1  957)  refers  to  the  function  used  above  as  the  time 
derivative  of  what  he  calls  the  creep  function.  Also  the 
stress  is  related  to  the  strain  by 


P(t) 


m[e  (t) 


t 


+  Jett)  y  (t-t ' )  dt 1  ] 


(1.18) 


whe  re  y  (t) 
refers  to 
refers  to 
function. 


is  the  relaxation  function.  Note  that  Zener 
this  function  as  the  stress  function  and  Lomnitz 
it  as  the  time  derivative  of  the  relaxation 


Since  the  creep  and  relaxation  functions  are  zero  by 
definition  for  negative  times  in  equations  1.17  and  1.18 
then  the  integrals  in  these  equations  are  convolution 
integrals.  Lomnitz  derived  a  relation  between  the  creep 
function  and  the  relaxation  function  by  applying  a  Laplace 
transform  to  equations  1.17  and  1.18.  He  then  introduced 
the  idea  that  the  relation  between  stress  and  strain  should 
be  described  by  a  complex  elastic  modulus  to  account  for  the 
absorption.  This  idea  is  the  same  as  Futterman  *s 
introduction  of  a  complex  wave  number  to  describe  the 
absorption.  In  fact  a  complex  wave  number,  a  complex 
elastic  modulus,  and  a  complex  velocity  will  be  used  to 
modify  the  elastic  theory  of  wave  propagation  to  include 
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absorption.  This  is  discussed  in  the  next  chapter. 

Fourier  transforming  equations  1.17  and  1.16  replaces 
the  convolution  integrals  with  multiplications  and  leads  to 

E  (w)  =  P  (w)  [  1*F(w)  ]/m  (1-19) 

P(w)  =  mE  (v)[  1  +  Y  (w)  ]  (1.20) 

where  the  capital  letters  Ef  P,  F  and  Y  denote  the  Fourier 
transforms  of  e,  p,  f  and  y  respectively  and  w  is  the 
angular  frequency.  If  we  write  P(w)=ME(w)  where  M  is  a 
complex  elastic  modulus  then  using  equation  1.19  gives 

M  (w)  =  m/[1+F  (w)  ].  (1.21 ) 

Now  a  complex  wave  number  K  will  be  defined  as 

K  (w)  =  w/c  -  i  a(w).  (1.22) 

A  wave  travelling  in  the  positive  r  direction  is  written  as 
exp[  i  (wt-Kr)  ].  This  is  the  opposite  sign  convention  to  that 
used  by  Futterman  (1962)  and  thus  his  complex  wave  number 

was  the  conjugate  of  this  one.  The  complex  velocity  V  is 

defined  by 

v  =  w/K  =  7m Tfi  (1.23) 

where  p  is  the  density.  Note  that  the  elastic  phase 
velocity  v*  is  defined  as 

v  1  =  Jm/  p  • 


(1.24) 


32 


Substituting  for  K  and  M  in  1.23  and  using  m  defined  by  1.24 
leads  to 


a2  =  w£Giwl 

2v»2 


(1.25) 


and 


C2  =  2v 1 2G  (w) 

F»»2  (y) 


(1.  26) 


where 


G  (w)  =  [  1  *  F 1  ]  [  {1+F«2/(1+fi)  2}  1/2  -  i]  (1.27) 


with 


F  (w)  =  F«  (w)  ♦  i  F"  (v)  . 


(1. 28) 


F*  and  F"  are  the  cosine  and  sine  transforms  of  f (t) 
respectively.  Now  the  quality  factor  Q  is  defined  such  that 

M  =  m (1 +i/Q) .  (1. 29) 


Using  1.21  ,1.28  and  1.29  gives 

F"(w)  =  Q/(Q2  +  1) 


(1.30) 


and 


F*  (w)  =  -1/(Q2  +  1)  .  (1.  31) 

If  we  consider  that  Q  »  1  in  order  that  we  can  neglect 
1/4Q2  relative  to  1  then  1. 27  becomes 


. 


G  (w) 
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= _ 1111*1 _  (1.32) 

2[  1  +F 1  (w)  ]. 

Also  using  1,29  and  1.22  in  equation  1.23  and  again  assuming 
that  Q  >>  1  gives 

a  =  w/2  cQ.  (1.33) 

Now,  substituting  1.32  into  1.26  leads  to 

c/v'  =  [  1+F'  (w)  (1.34) 

Also  substituting  1.32  to  1.34  into  1.25  gives 

1/Q  =  F  M  (w)  /[UF1  (w)  ].  (1-35) 

Note  that  Lomnitz's  (1957)  equation  27  and  equation 
1-35  are  not  the  same.  His  equation  27  has  a  square  root  in 
the  denominator  which  could  be  arrived  at  by  assuming 
c/v'=1.  However,  this  is  not  a  necessary  assumption  in  view 
of  equation  1.34  which  is  Lomnitz's  equation  23. 

Lomnitz  then  showed  how  a  creep  function  of  the  form 

f  (t)  =  qa/  (1  +  at )  (t>0)  (1.36) 

could  be  used  to  derive  an  expression  for  Q  in  terms  of  q 
and  a  parameter  w/a  where  "a"  plays  the  role  of  a  high 
frequency  cutoff.  For  Q  >>  1  and  w/a  <<  1 

1  = _ q  MZ _ 

Q  1-qln(Yw/a). 


(1-37) 


. 


34 


The  frequency  dependence  of  Q  given  by  1.37  is  very 
similar  to  Futterman’s  frequency  dependence..  Savage  and 
O’Neill  (1975)  have  compared  the  two  theories  and  concluded 
that  they  do  not  differ  significantly.  Pandit  and  Savage 
(1973)  have  compared  values  of  Q  measured  with  a  resonance 
technique  with  values  of  Q  calculated  using  equation  1.37 
where  wqM  and  "a"  were  measured  from  creep  experiments  on 
the  same  samples.  They  found  that  the  values  agreed 
reasonably  well. 

For  a  constant  stress  applied  at  t=o  equation  1.36 
leads  to  a  time  dependence  of  the  strain  given  by 

e  (t)  =  p°[  1  +  g  In  (1+at)  ]/m.  (1.38) 

Kalinin  et  al  (1967)  considered  four  different  forms  of 
absorption  laws  as  functions  of  frequency  and  using 
Kramers-Kronig  relations  derived  expressions  for  the 
dispersion  relations  associated  with  the  given  absorption 
models.  Their  second  model  gives  an  absorption  coefficient 
of  the  form 

a  (w)  =  bw/(1  +  dw)  (1.39) 

where  b  and  d  are  constants.  This  model  has  a  linear 
dependence  on  frequency  for  dw  <<  1.  The  associated 
dispersion  relations  is 

_ _ 

1  ~  2bc  (~)  In  (dw) 

-7T(1-d2w2) 


c(w) 


(1.  40) 
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where  c  (  » )  i s  the  limit  of  the  phase  velocity  as  the 

frequency  becomes  infinite. 

Strick  (1967)  modeled  the  absorption  coefficient  as 

s 

a(f)  =  bf  (1.41) 

where  b  is  a  constant  and  0  <  s  <  1.  Ee  derived  a 

dispersion  relation  for  this  absorption  model  and  also 
calculated  a  complex  elastic  modulus  and  a  dynamic 
viscosity.  He  compared  these  curves  to  experimental  data 
and  got  reasonable  agreement.  Strick  went  cn  to  calculate  a 
creep  function  from  the  complex  elastic  modulus.  His 
comparison  of  the  creep  function  to  real  data  showed 
agreement  in  the  basic  shapes  of  the  curves  but  not  in  the 
actual  values. 

In  a  later  paper  Strick  (1  970)  considered  the  same 
model  and  developed  an  asymptotic  expansion  for  the  time 
domain  shape  of  a  travelling  wave  at  large  distance.  He 

also  developed  an  asymptotic  expansion  at  large  distances 
for  a  solid  which  obeys  an  absor ption-di spersion  pair 

similar  tc  the  first  relation  given  by  Futterman  (1962).  He 
used  this  expansion  to  calculate  the  pulse  shape  for  the 
example  Futterman  used  in  his  paper  for  his  third  pair.  He 
compared  the  pulses  and  the  shapes  were  similar  but  the  time 
is  very  different.  This  is  likely  due  to  approximations 
that  Strick  made  in  calculating  the  dispersion  relation  (his 
equation  30).  As  a  result  of  these  approximations  his 


. 
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expression  applies  only  for  frequencies  much  greater  than 
the  low  frequency  cutoff  and  yet,  for  the  pulse  in  the 
example,  the  frequencies  aren't  in  this  range. 

Gladwin  and  Stacey  (1  974)  and  Stacey  et  al  (1975) 
examined  the  theories  of  Futterman  (1962),  Kalinin  et  al 
(1967),  which  they  credited  to  Azimi  et  al  (1  968),  and 
Strick  (  1967)  in  terms  of  pulse  rise  time  as  a  function  of 
travel  time  (or  distance).  They  compared  observed  data  to 
theoretical  predictions  and  concluded  that  Strick's  model 
does  not  satisfy  the  measured  data..  They  then  vent  on  to 
reject  Futterman' s  model  as  well  on  the  grounds  that  the 
introduction  of  absorption  had  caused  an  increase  in  the 
phase  and  group  velocities  such  that  the  attenuated  pulses 
arrived  earlier  than  expected  on  the  basis  of  an  elastic 
velocity  calcualted  from  a  purely  elastic  model  (one  in 
which  there  is  no  absorption).  As  has  been  pointed  by 
Savage  (1  976)  their  conclusion  appears  to  be  based  on  a 
misunder stan din g  of  Futterman' s  theory  which  arises  from 
interpreting  c°  of  equation  1.15  as  the  elastic  velocity. 
In  fact  as  Savage  pointed  out  c°  is  the  low  frequency  limit 
of  the  phase  velocity  and  the  elastic  velocity  should  be 
taken  as  the  high  frequency  limit.  In  accepting  the  theory 
of  Kalinin  et  al  they  used  the  high  frequency  limit  as  the 
elastic  velocity,  and  if  this  is  also  done  in  Futterman' s 
theory  there  is  no  problem  and  the  theory  should  not  be 
rejected.  Stacey  et  al  (1975)  also  suggested  that 

Futterman 's  behaviour  of  Q  as  the  frequency  approaches  zero 
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is  incorrect  as  it  is  not  consistent  with  creep  under  steady 
strain.  Since  the  theory  is  not  supposed  to  be  valid  below 
a  low  frequency  cutoff  this  criticism  seems  unimportant. 
Lomnitz  (1957)  has  shown  that  internal  friction  is  part  of 
the  same  phenomenum  that  produces  creep.  Thus  the  rejection 
of  Futterman's  theory  in  comparison  to  that  of  Kalinin  et  al 
seems  to  be  based  on  incorrect  reasons.  In  fact  Kalinin  et 
al  used  the  same  approach  as  Futterman  in  calcuating  their 
di spersion. 

Stacey  et  al  (  1975)  went  on  to  consider  whether  the 

absorption  theory  should  be  a  linear  (superposition 

principle  is  valid)  or  non-linear  one.  They  pointed  out 
that  a  linear  theory  suggests  an  elliptical  stress-strain 
hysteresis  loop  while  evidence  reported  by  idcKavanagh  and 
Stacey  (1  974)  indicates  that  the  loop  is  cuspea  at  the  ends. 
They  did  conclude,  however,  that  in  the  absence  of  more 
conclusive  evidence  a  linear  theory  should  be  used.  Brennan 
and  Stacey  (1977)  report  the  measurement  of  elliptical 

hysteresis  loops  which  supports  the  idea  of  a  linear  theory. 

Another  model  which  has  been  proposed  for  the 
absorption  mechanism  is  that  of  the  standard  linear  solid. 
This  model  is  well  described  by  Zener  (1948) .  For  this 

model  the  stress- strain  relation  is 

p  +  t|p  =  m|(e  +  ±2®)  (1*42) 


where 


the  dot  indicates  time  differentiation,  nn  is  a 
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r  elaxed 
constant 
of  time 


modulus 

stress 

is 


and  *i  and  t2  are  relaxation  times.  For  a 
p°  applied  at  t=0  the  strain  as  a  function 


e(t)  =  p°[  1  -  (  )exp<  -t/t2  )  ]/mi  (1-43) 


where 


t2/ ti  =  ra2/mi 


(1.  44) 


and  m2  is  the  unrelaxed  modulus. 

At  t=0 


=  p° / m  2 


(1.45a) 


and  at  infinite  time 


e  =  p° /mi 


(1.45b) 


Fourier  transforming  eguation  1.42  yields 


P(w)  =  mi  (  1  +  1W12.1  Eiw), 
( 1+iwt 1 ) 


(1.  46) 


Defining  a  complex  modulus  M  as  in  eguation  1-29  yields 


1  =  y( 

Q  1+W2  t 1  t 2  • 


(1.47) 


Using  1.44  and  defining 


=  <tit2)1/2 


(1.48) 


leads  to 
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1  -  — wjl! (1-49) 

0  l+w2tl2  (nim2 )1/2, 

This  equation  predicts  that  Q  will  not  be  nearly  constant  as 
a  function  of  frequency  but  rather  will  have  a  a  definite 
peak  like  a  resonance  curve. 

Liu  et  al  (1976)  have  shown  that  the  concept  of  a 
relaxation  spectrum  can  lead  to  a  Q  that  is  nearly  constant 
over  a  band  of  frequencies-  They  give  an  example  in  which  a 
spectrum  of  12  different  relaxation  times  leads  to  a  Q  value 
that  is  essentially  constant  over  five  decades  or  frequency 
and  an  absorption  coefficient  that  is  a  linear  function  of 
frequency  over  the  same  range-  They  showed  that  the 
dispersion  relation  for  such  a  model  is  the  same  as  that 
arising  from  Futter man's  theory-  Thus  the  two  theories  are 
quite  similar  within  the  range  where  the  absorption 
coefficient  is  proportional  to  the  first  power  of  frequency 
but  are  different  outside  this  range- 


1.=.4  Absorption  Mechanisms 

The  models  discussed  in  the  previous  section  were  all 
phenomenological  which  means  that  they  dealt  with  a 
macroscopic  description  of  the  absorption  mechanism  but  did 
not  look  at  the  microscopic  causes  of  the  absorption-  In 
this  section  some  of  these  possible  causes  will  be  examined- 
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Treitel  (1959)  considered  the  fact  that  all  real 
materials  have  a  finite  thermal  conductivity  and  as  a  result 
stress  waves  will  suffer  energy  losses  due  to  heat 
conduction.  As  the  solid  is  compressed  or  expanded 
mechanical  energy  is  converted  to  heat  energy  and  the 
compressed  parts  are  warmer  than  the  rarified  parts.  Since 
there  is  no  volume  change  associated  with  a  shear  wave  this 
type  of  loss  would  only  apply  to  a  compressional  wave.  Heat 
flows  because  the  conductivity  is  not  zero  and  energy  loss 
occurs.  This  type  of  loss  is  referred  to  as  thermoelastic 
loss.  Treitel  showed  that  for  this  mechanism  of  energy  loss 
the  absorption  coefficient  was  proportional  to  the  sguare  of 
frequency.  He  also  calculated  theoretical  values  of  the 
absorption  coefficient  for  rock  and  copper  and  showed  that 
these  values  are  much  less  than  measured  values  at  seismic 
frequencies.  This  led  him  to  conclude  that  losses  of  this 
type  were  either  absent  or  too  small  to  be  detected. 

Knopoff  and  MacDonald  (  1960)  reviewed  three  mechanisms 
of  energy  loss.  These  are  thermoelastic  losses,  Rayleigh 
scattering  losses  and  loss  in  f erro-magnetic  materials. 
They  concluded  that  it  is  unlikely  that  any  of  these  losses 
are  important  in  geophysical  problems  at  seismic 
frequencies.  They  also  suggested  a  solid  friction  model 
which  can  explain  the  linear  frequency  dependence  of  the 
absorption  coefficient.  This  type  of  model  has  been 
described  by  Knopoff  (1956).  For  plane  waves  propogating  in 
one  dimension  this  model  has  a  differential  equation  of  the 
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form 

c2  [  1  +  _1 _ s_  ]  9zu  =  c>£u  (1-50) 

i « iq  at  a*2  at2 

The  second  teem  on  the  left  represents  a  frictional  force 
where  the  friction  varies  as  the  gradient  of  the  local 
stress.  This  sort  of  friction  is  justified  by  assuming  that 
there  is  opportunity  for  relative  motion  between  grains  and 
that  this  motion  is  limited.  As  the  relative  displacements 
(and  thus  the  stress  gradients)  increase  the  friction  may  be 
thought  of  as  increasing  also.  In  using  this  model  Knopoff 
didn't  allow  for  dispersion  which  must  exist  along  with  the 
absorption  due  to  causality.  Also  note  that  this  equation 
leads  to  a  non-linear  theory. 

Savage  (1965)  has  considered  losses  due  to 

intergranular  thermal  currents.  In  a  rock  there  will  be 
regions  of  strain  concentration  such  as  contact  points 
between  grains  or  the  volume  surrounding  cracks  or  pore 
spaces.  Volume  changes  in  these  regions  produce  temperature 
fluctuations  and  absorption  occurs  due  to  thermoelastic 
loss.  Note  that  this  mechanism  acts  directly  only  on 
compress ional  waves  but  can  also  act  on  a  shear  wave 
indirectly  due  to  the  inhomogeneity  caused  by  the  strain 
c  once  n  tr  ations.  This  mechanism  can  be  described  by  a 
relaxation  mechanism  and  a  charac teristic  relaxation  time. 
Savage  showed  that  the  relaxation  time  is  related  to  the 
size  of  the  strain  concentration  and  that  a  spectrum  of  such 
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sizes  will  lead  to  a  constant  Q. 

Gordon  and  Nelson  (1966)  reviewed  possible  loss 
mechanisms.  They  mentioned  nine  possible  mechanisms.  Two 
of  these  were  diffraction  and  scattering  which  are  really 
geometrical  effects  and  don't  indicate  the  absorption  of  the 
medium.  A  third  mechanism  that  they  mentioned  is  magnetic 
damping.  Since  this  is  only  present  in  magnetic  materials 
it  is  not  considered.  Thermoelastic  damping  has  alreading 
been  discussed  and  it  is  not  important  at  seismic 
frequencies  for  normal  rocks. 

A  fifth  mechanism  which  they  mentioned  and  which  is 
likely  very  important  is  frictional  sliding  at  cracks  or 
unbonded  grain  boundaries.  When  an  alternating  stress  is 
applied  to  an  unbonded  boundary  sliding  is  expected  to 
occur.  This  sliding  will  cause  the  stress-strain  curve  to 
trace  out  an  elliptical  hysteresis  loop,.  This  mechanism 
leads  to  a  value  of  Q  which  is  independent  of  frequency  and 
can  be  mathematically  described  by  a  complex  elastic 
modulus.  It  is  believed  that  this  is  the  main  source  of 
internal  friction  in  rocks  at  low  pressures  and 
tempe  ratures. 

A  sixth  type  of  loss  is  that  due  to  viscous  grain 
boundary  damping.  In  this  mechanism  there  is  a  relaxation 
of  stress  at  grain  boundaries.  This  mechanism  has  a  Q  given 
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1  =  D _ wtl _  (1.  51) 

Q  1+W2t»2 

where  D  is  the  relaxation  strength  which  is  a  ratio  of  the 
greatest  non-elastic  stress  to  the  elastic  strain,  t *  is  a 
relaxation  time  which  varies  with  temperature  T  according  to 
an  equation  of  the  form 

t  1  =  toexp  (-G/kT)  (1.  52) 

where  G  is  an  activation  energy  and  k  is  Boltzman*s 
constant.  Equation  1.51  is  essentially  the  same  as  equation 
1.49  where  D  is  defined  as  (  m2-nn  )/(  nn.n2  )l/2  or  (  m2-mi  )/mi 
or  (  ai 2—fn i  ) /m 2  (see  Zener,  1  S48  pp  56)  .  Experiments  on 
metals  have  shown  well  defined  damping  peaks  as  predicted  by 
equation  1.51  which  are  absent  in  single  crystals.  These 
peaks  may  be  smeared  due  to  a  spectrum  of  relaxation  times. 

A  seventh  type  of  loss  is  stress  induced  ordering. 
Under  this  mechanism  there  is  a  thermally  activated 
redistribution  of  atoms  or  defects  on  the  lattice  sites  of  a 
crystal  under  the  influence  of  an  external  stress. 
Equations  1.51  and  1.52  describe  this  mechanism. 

An  eighth  type  of  loss  is  associated  with  dislocations. 
An  applied  stress  may  cause  motion  of  dislocations  in  the 
crystal  and  relief  of  stress.  Equations  1.51  and  1.52 
describe  this  loss  also.  At  high  temperatures  an  applied 
stress  can  tear  dislocations  irreversibly  away  from  impurity 
atoms.  No  specific  frequency  dependence  is  predicted  in 
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this  latter  case  but  this  mechanism  will  be  amplitude 
dependent. 

The  ninth  type  of  absorption  is  that  due  to  the 
presence  of  a  fluid  in  a  porous  rock  and  is  described  by  a 
theory  by  Biot  (1956,  1962a,  1962b).  This  was  discussed 

ea  rlier. 

Jackson  and  Anderson  (1970)  reviewed  absorption 
mechanisms  in  an  attempt  to  decide  the  most  probable 
mechanisms  of  absorption  in  the  mantle-  In  this  thesis  we 
are  concerned  with  absorption  in  the  sedimentary  layers  of 
the  extreme  upper  crust  so  that  their  conclusions  may  not  be 
valid  for  us  but  their  descriptions  of  mechanisms  are 
useful.  They  divided  the  absorption  losses  into  four 
classes,  namely,  damped  resonance  losses,  static  hysteresis 
losses,  relaxation  losses  and  viscosity  losses. 

Damped  resonance  losses  are  associated  with  work  done 
at  a  point  in  a  solid  against  a  restoring  force  which  is 
proportional  to  relative  velocity.  This  loss  applies  to 
forced  resonance  of  dislocations  in  their  potential  wells. 
This  is  a  high  frequency  loss  mechanism  that  can  be 
r e  jec ted . 

The  static  hysteresis  losses  include  sliding  across 
cracks  or  at  grain  boundaries.  This  mechanism  was  discussed 
earlier  and  is  likely  the  most  important  loss  mechanism  for 
sedimentary  rocks,  especially  at  low  pressures.  There  is  a 
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hysteresis  associated  with  tearing  of  dislocations  from 
impurity  atoms.  This  loss  generally  gives  a  frequency 
independent  Q  and  is  inoperative  below  a  certain  threshold 
strain.  It  will  be  neglected  on  the  assumption  that  the 
strains  are  too  small.  Bhatia  (1967)  showed  that  there  can 
also  be  an  amplitude  independent  type  of  hysteresis  loss 
associated  with  dislocations. 

Relaxation  mechanisms  are  generally  described  by 
equations  1.51  and  1.52.  Thermoelastic  losses  are  one  form 
of  relaxation  loss.  As  has  been  pointed  earlier  these 
losses  are  negligible  at  seismic  frequencies..  Jackson  and 
Anderson  suggested  that  the  same  likely  applies  to 
intergranular  thermal  currents.  The  calculation  of  Savage 
(1966)  might  dispute  this.  Relaxations  associated  with 
dislocations  can  also  likely  be  neglected  at  our-  frequencies 
and  temperatures.  There  are  several  mechanisms  caused  by 
rearrangement  of  atoms  into  a  position  of  lower  Gibbs  free 
energy  in  a  stressed  state  but  these  are  likely  not 
important  at  seismic  frequencies.  Relaxations  associated 
with  phase  changes  will  likely  not  occur  in  the  sediments. 
Grain  boundary  relaxations  were  discussed  earlier  and  these 
may  account  for  some  absorption  in  our  range  of  interest. 

The  viscous  mechanism  which  Jackson  and  Anderson 

discussed  is  associated  with  the  mechanism  of  melting  and 


would  therefore  not  concern  us. 


■ 


'  !> 


46 


Johnston  et  al  (1979)  have  discussed  absorption  of  a 
dry  rock  matrix  and  also  the  effect  of  a  saturating  fluid  in 
the  matrix  on  the  absorption.  They  suggest  that  Q  of  the 
dry  matrix  is  composed  of  two  factors.  The  first  is  an 
intrinsic  elasticity  which  is  large  (little  absorption)  and 
can  usually  be  neglected  in  minerals-  The  second  factor  is 
frictional  dissipation  due  to  relative  motions  at  grain 
boundaries  and  at  crack  surfaces  and  is  very  important.  One 
of  the  effects  of  saturating  a  dry  rock  is  to  lubricate  the 
cracks  which  leads  to  more  sliding  and  greater  frictional 
loss.  Fluid  flow  is  also  present  in  a  saturated  rock  and 
leads  to  absorption  as  described  by  the  theories  of  Biot 
(1  956,  1962a,  1962b).  In  addition  to  Eiot  fluid  flow  they 

include  a  loss  due  to  "sguirt  flow"  which  is  induced  between 
adjacent  cracks  due  to  the  relative  volume  change  caused  by 
a  stress  wave.  They  present  a  formulation  for  calculating 
this  loss.  They  also  discuss  the  effects  of  partial 
saturation  from  a  gualitive  point  of  view.  The  last  loss 
mechanism  they  include  in  their  model  is  the  geometrical 
effect  of  scattering.  They  fit  a  model  incorporating  all  of 
these  loss  mechanisms  to  real  data  measured  as  a  function  of 
pressure  for  dry  and  saturated  Berea  sandstone  at  ultrasonic 
frequencies  and  then  extrapolate  to  other  frequencies.  They 
present  extrapolated  curves  of  the  absorption  coefficient  as 
a  function  of  frequency  for  P  waves  in  Berea  sandstone  at 
surface  pressure  and  at  a  depth  of  ten  thousand  feet  (3.05 
kilometers).  These  curves  show  that  the  main  source  of 
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absorption  at  seismic  frequencies  for  both  depths  will  be 
frictional  sliding-  This  means  that  at  seismic  frequencies 
the  absorption  coefficient  will  be  essentially  a  linear 
function  of  frequency. 

In  conclusion  it  seems  that  the  most  important 
absorption  mechanism  for  sedimentary  rocks  at  seismic 
frequencies  would  be  sliding  at  cracks  or  grain  boundaries. 
This  mechanism  can  be  described  in  terms  of  a  phase  angle 
between  stress  and  strain  which  leads  to  a  hysteresis  loop. 
We  can  mathematically  model  this  with  a  complex  elastic 
modulus.  This  type  of  loss  is  not  well  understood.  There 
have  been  theories  by  White  (1S66)  and  Walsh  (1966)  to 
attempt  to  explain  it;  however,  they  are  not  entirely 
satisfactory.  Winkler  et  al  (1979)  suggest  that  this  type 
of  loss  is  not  important  at  low  strains  such  as  those 
associated  with  seismic  waves.  Their  reasoning  is  based  on 
the  assumption  that  a  crack  must  slide  a  certain  minimum 
distance  (of  the  order  of  atomic  spacing).  There  is  no 
reason  given  as  to  why  they  feel  that  this  is  the  case. 
They  also  show  that  at  higher  strains  (above  1Q~6)  the 
absorption  and  velocity  depend  on  strain  amplitude. 
Johnston  et  al  (1  979)  in  an  excellent  paper  rate  sliding  as 
the  most  important  cause  of  absorption. 

A  second  source  of  absorption  could  be  in  a  relaxation 
mechanism  such  as  grain  boundary  damping,  intergranular 
thermal  currents,  or  possibly  stress-induced  ordering.  If 
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these  mechanisms  are  present  then  it  would  seem  that  there 
must  be  a  spectrum  of  relaxation  times  in  order  to  account 
for  the  experimental  evidence  that  Q  is  essentially 

independent  of  frequency.  As  was  mentioned  earlier,  Liu  et 
al  (1976)  have  shown  that  in  the  case  of  nearly  constant  Q 
due  to  a  spectrum  of  relaxation  times  the  dispersion 

relation  in  the  frequency  range  where  Q  is  nearly  constant 
is  the  same  as  that  of  Futterman  (1962). 

A  third  possible  source  of  absorption  is  the  presence 
of  a  fluid  in  a  porous  medium.  Stoll  (1977)  outlined  in 
good  detail  a  mathematical  model  for  this  situation  based  on 
the  works  of  Biot  (1956,  1  962a,  1  962b).  This  model  allows 
for  two  methods  of  energy  loss.  The  first  is  due  to 
intergranular  skeletal  losses  and  is  described  by  a  complex 
elastic  modulus.  The  second  comes  from  viscous  losses 
associated  with  motion  of  the  fluid  in  the  pores.  The 

experimental  data  which  was  reviewed  earlier  would  suggest 
that  the  frame  losses  generally  dominate. 


' 
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2.  SYNTHETIC  SEISMOGRAMS 


2*.l  Plane  Waves  at  Vertical  Incidence  Including  Absorption 

In  this  section  a  method  for  the  calculation  of 
synthetic  seismograms  which  include  the  effects  of 
absorption  and  dispersion  will  be  outlined.  This  method, 
which  can  be  used  to  produce  normal  incidence  synthetic 
seismograms  for  plane  waves  propogating  in  a  flat  layered 
model,  is  a  modification  of  the  communication  theory 
approach  to  synthetic  seismograms.  Details  of  this  method 
can  be  found  in  papers  by  Baranov  and  Kunetz  (1960) , 
Kuenschel  (1960),  Goupillaud  (1961),  Kunetz  and  D’Erceville 
(1962),  Trorey  (1962),  Kunetz  (1964),  Sherwood  and  Trorey 
(1965),  Darby  and  Neidell  (1966),  Treitel  and  Robinson 
( 1 9 66) ,  Robinson  (1967,  1968),  Claerbout  (1968)  and  Robinson 
and  Treitel  (1977). 

Consider  a  plane  compressional  wave  propogating  in  the 
positive  z  direction.  The  elastic  wave  equation  can  be 
written  as 

c)£ u  =  me) 2  u  =  c 2 u  (2.  1) 

dt*  ^  Z2  ^Z2 

where  m  is  an  elastic  constant,  p  is  the  density,  c  is  the 
phase  velocity  and  u  is  the  displacement  in  the  z  direction. 
In  this  case  the  solution  to  equation  2. 1  has  the  form 

u  =  A  exp[i  (vt-kz)  ]  «■  B  exp£i  (wt+kz)  ]  (2.2) 
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where  the  A  term  represents  a  wave  propogating  in  the 

positive  z  direction,  and  the  B  term  represents  a  wave 

propogating  in  the  negative  z  direction-  k  is  the  wave 

number  and  is  equal  to  the  angular  frequency  w  divided  by 
the  phase  velocity  c- 

Now,  in  the  case  of  exponential  attenuation  with 
distance,  a  solution  to  the  wave  equation  will  be  written  as 

u  =  A  exp[  -az  +  i  (wt-kz)  ]  +  B  exp[  az+i  (wt+ kz)  ]  (2-3) 

where  "a"  is  the  absorption  coefficient-  It  must  be  pointed 
out  that  equation  2.3  has  been  arbitrarily  selected  as  a 
solution  in  the  presence  of  absorption-  A  simple 

mathematical  modification  can  be  made  to  equation  2-  1  in 
order  that  equation  2-3  will  be  a  solution.  This 
modification  is  to  let  the  elastic  constant,  velocity  and 
wave  number  be  complex  as  given  by  equations  1.  29,  1-  23  and 

1-22  respectively-  Equation  2-1  is  now  written  as 

^2g  =  M^2 0  =  V2d£U  (2-4) 

Bt2  P'dz2  dz2 

where  M  is  a  complex  elastic  constant,  V  is  the  complex 
velocity  and  0  is  the  displacement  as  a  function  of 
frequency-  The  fact  that  M  is  complex  implies  that  there  is 
a  phase  difference  between  stress  and  strain.  This  phase 
difference  leads  to  an  elliptical  stress-strain  curve  where 
the  area  of  the  ellipse  will  be  proportional  to  the  energy 
loss  per  cycle  (White,  1965,  pp.  96).  M  will  be  a  complex 
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function  of  frequency  and  will  have  the  requirement  that 
M(w)  equals  M*(w)  where  *  denotes  the  complex  conjugate. 
This  will  ensure  that  the  time  domain  expression  of  M  is 
real. 


Now,  let 


V  =  v 1  ♦  i  v»  (2-5) 

where  v*  and  vM  are  the  real  and  imaginary  components  of  the 
complex  velocity.  Substituting  equations  1.22  and  2-5  into 
equation  1.23  and  equating  real  ana  imaginary  parts  gives 

v"  =  a  (2.  6) 

v*  k 

and 


c  =  v'  (1  +  a2/k2)-  (2.7) 

Substituting  equation  1.29  into  1.23  and  eliminating  m  leads 
to 

a/k  =  (Q2  +  1 )  1/2  -  q.  (2.  8) 

Mow  taking  Q»  1  so  that  1/4Q2  is  negligible  with  respect  to 
1  reduces  this  equation  to 

a/k  =  1/2Q  (2.9) 


or 


a  =  w/2cQ. 


(2.10) 
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Thus  equation  2.6  becomes 

v»  =  v'/2Q.  (2.  11) 

Substituting  equation  2. 8  into  equation  2. 7  gives 

v*  =  c[1  +  (1  +  1/Q2J-1/2  ]/2.  (2.12) 

For  Q  >>  1  (neglecting  1/4Q2  relative  to  1)  equation  2.12 

becomes 

v»  =  c.  (2. 13) 

Having  introduced  the  mathematical  representation  which 
will  be  used  for  the  absorption  model,  it  is  now  necessary 
to  consider  the  reflection  and  transmission  of  normal 
incidence  plane  waves  at  a  boundary.  Consider  a  plane 
boundary  as  shown  in  figure  2.1.  Let  a  wave  of  unit 

displacement  amplitude  given  by  exp[ i  (vt-K *z  ]  be  incident 
from  medium  1 .  The  reflected  wave  in  medium  1  will  be 

Fexp[ i  (wt  +  K 1  z)  ]  and  the  transmitted  wave  in  medium  2  will  be 

Texp[  i  (wt-KMz)  ]. 

In  order  to  satisfy  the  boundary  conditions  the 

displacement  and  the  normal  stress  must  be  continuous  across 
the  boundary.  The  normal  stress  is  given  by 

p  =  M^O  (2. 14) 

dz . 

If  we  let  the  boundary  be  at  z=0,  then  the  continuity  of 
displacement  gives 
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figure  2 
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The  reflection  and  transmission  at  a  boundary. 
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1  +  R  =  T  (2- 15) 

and  the  continuity  of  normal  stress  gives 

M'K'  (1-R)  =  TM"K"  (2.  16) 

where  the  prime  refers  to  the  medium  1  and  the  double  prime 
to  medium  2.  Equations  2-15  and  2-16  can  be  solved  for  R 
and  T  giving 


R  = 

M*  K  1  +M"K  M 


and 


T  = _ _ 

H  *  K  '♦  M,,Kn- 

Substituting  into  the  above  two  equations  from  equation  1.23 
gives 

8  =  (2-  17) 

p»  v' + p»V" 


an  d 


T  = 2 p*  V (2.  18) 

p*  V*  +p"V". 

Thus  the  formulas  for  the  reflection  and  transmission 
coefficients  are  the  same  as  in  the  elastic  case,  except 
that  the  phase  velocity  is  replaced  by  the  complex  velocity. 
Note  that  R  and  T  are  now  complex  functions  of  frequency. 
Equation  2.17  can  be  shown  to  be  the  same  equation  for  the 
reflection  coefficient  as  that  given  by  Averbukh  and 
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Trapeznikova  (1972)  or  by  Crowe  and  Alhilali  (1975)*  Their 
formulas  are  in  terms  of  the  phase  velocity. 

It  is  interesting  to  observe  what  happens  to  the 
reflection  coefficient  if  Q  is  constant  at  a  boundary-  By 
equations  2.5,  2.6,  2.8,  2.12  and  2.17  it  can  easily  be 

shown  that  in  this  case 


R  —  p  *  c*  ~p**c  i* 

p *  c*  +  p^c ** t 


Similarly, 


T  =  _ _ 

p  ’  c*  +  p,,C,,t 


Thus  for  a  constant  Q  interface,  the  reflection  and 
transmission  coefficients  are  real  constants  and  the 
formulas  are  the  same  as  in  the  elastic  case.  In  general, 
however,  if  Q  is  not  constant  at  a  boundary  E  and  T  will  be 
complex  functions  of  frequency.  The  fact  that  they  are 
complex  indicates  a  phase  change  on  reflection  or 
transmission. 


The  synthetic  seismogram  equations  for  a  flat  layered 
model  will  now  be  considered.  If  D(i)  is  the  spectrum  of 
the  downgoing  wave  at  the  top  of  layer  i,  then  the  down  going 
wave  at  the  bottom  of  layer  i  is  given  by 

D '  (i)  =  D  (i)  exp[-ad  ]exp[-iwd/c  ]  (2.19) 


where  d  is  the  thickness  of  the  i*th  layer  and  c  is  the 
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phase  velocity  in  the  i'th  layer.  The  first  exponential 
term  represents  the  energy  loss  due  to  the  absorption  as  the 
wave  propogates  from  the  top  to  the  bottom  of  the  layer. 
The  complex  exponential  term  represents  the  time  delay  in 
traveling  through  this  layer.  Since  the  presence  of 
absorption  requires  the  presence  of  dispersion*  then  the 
phase  velocity  will  be  a  function  of  frequency.  In  a 
similar  manner  O'  (i)  (  the  upgoing  wave  spectrum  at  the 

bottom  of  layer  i)  is  related  to  U(i)  (  the  upgoing  wave 
spectrum  at  the  top  of  layer  i)  by 


U'(i)  =  U  (i)  exp[ad  ]exp[iw  d/c  ] .  {2.2  0) 

Figure  2.2  shows  the  relationship  between  the  waves  at  the 
top  and  bottom  of  layer  i. 

The  exponential  loss  in  the  medium  is  the  major  form  of 
frequency  dependent  loss.  However,  there  is  also  the 
frequency  dependence  of  the  reflection  and  transmission 
coefficients  to  account  for.  Now  consider  an  interface  as 
shown  in  figure  2.3.  The  upgoing  wave  in  layer  i  is  made  up 
of  two  parts,  that  due  to  the  transmission  of  the  upgoing 
wave  from  layer  i  +  1  and  that  due  to  the  reflection  of  the 
downgoing  wave  in  layer  i.  Likewise  the  downgoing  wave  in 
layer  i+1  is  made  of  the  reflected  part  of  the  upgoing  wave 
in  layer  i  +  1  and  the  transmitted  part  of  the  downgoing  wave 
in  layer  i.  If  R  and  T  are  the  reflection  and  transmission 
coefficients  for  incidence  from  above  an  interface  and  R' 
and  T'  are  the  reflection  and  transmission  coefficients  for 
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Figure  2.2  The  relationship  cf  waves  at  the  top  and  bottom 

of  a  layer. 
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figure  2.3  Ihe  relationship  of  upgoing  and  downgoinq  waves 

at  an  interface. 
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incidence  from  below  an  interface  then 

U'(i)  =  RD'  (i)  +  T'U(i*1)  (2.21) 

and 


D(i  +  1)  =  TD'  (i)  +  R'  0  (i ♦  1 )  -  (2.22) 

From  eguation  2.17  it  is  apparent  that 

B*  =  -R.  (2.23) 

Also/  from  equations  2.15  and  2.23 

TT'-RR'  =  1.  (2.24) 

Using  equations  2.21  to  2.24  it  follows  that 

D  1  (i)  =  [D  (i*1)*BU(i  +  1)  ]/T  (2.25) 


and 

U*  (i)  =  [RD(i+1)  +U  (i+1)  ]/l.  (2.26) 

Combining  equations  2..25  and  2.26  with  equations  2.19  and 
2.20  gives 

D  (i)  =  ex  p[ iKd  ]  [  D  (i*1) +RU  (i+ 1)  ]/T  (2.27) 

an  d 

U(i)  =  exp[  -iKd  ]  [  RD  (i+ 1 )  ♦  U  (i  +  1 )  ]/T  (2.28) 

where  K  is  the  complex  propagation  constant  for  layer  i  and 
is  given  by  equation  1.22.  Rewriting  the  above  two 
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equations  in  matrix  form  gives 


D  (i) 

D  (i  ♦  1 ) 

=  A  (i) 

U(i) 

U (i+ 1) 

where 


(2.  29) 


A  (i) 


exp[iKd]  RexpfiKd] 

1 

T  Rexp[-iKd]  exp[-iKd] 


(2. 30) 


For  a  model  of  n  layers  the  waves  in  the  first  layer  are 
related  to  those  in  the  n+1*th  layer  by  successive 
applications  of  equation  2.29  to  yield 


'd(I)" 

D(n+1) 

=  A (1) A  (2)... A  (n) 

U  (1) 

U  (n+1) 

(2-31) 


If  the  input  is  a  downgoing  spike  at  time  zero  at  the 
surface,  then  the  total  down  going  wave  in  the  first  layer 
will  be  made  up  of  this  spike  plus  the  reflection  of  the 
upgoing  wave  from  the  surface.  If  r  is  the  reflection 
coefficient  of  the  surface  as  seen  from  above,  then  -r  is 
the  reflection  coefficient  of  the  surface  for  upgoing  waves 
in  the  first  layer.  Thus 


D  (1)  =  1-r U { 1)  .  (2.  32) 

Equation  2.32  gives  the  total  downgoing  wave  in  the  top 
layer  since  no  energy  is  input  from  above  the  model.  If  the 
bottom  or  n  +  1*th  layer  is  a  half  space,  then  there  can  be  no 
upgoing  wave  in  this  layer.  Thus 
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U  (n+ 1 )  =  0. 


(2.33) 


Substituting  equations  2.32  and  2.33  into  equation  2.31 
gives 


1-rU  ( 1 ) 
U(1) 


A ( 1 )  A ( 2) ...  A  (n) 


D  (n+1) 

0 


(2.34) 


Equation  2. 34  is  two  equations  in  two  unknowns.  Cne  unknown 
is  U  ( 1 )  which  is  the  Fourier  transform  of  the  upgoing  wave 
in  layer  1  and  the  other  unknown  is  D(n-H)  which  is  the 
Fourier  transform  of  the  downgoing  wave  in  the  half  space. 
The  Fourier  transform  of  the  surface  synthetic  seismogram  , 
X(w),  is  given  by  the  sum  of  the  upgoing  and  downgoing  waves 
at  the  surface.  Thus 


X  (w)  =  ( 1-r ) U  (1)  ♦  1. 


(2.  35) 


Therefore,  given  an  n  layer  model,  it  is  possible  to 
calculate  the  Fourier  transform  of  the  surface  synthetic 
seismogram  for  an  initial  downgoing  spike  at  the  surface. 
This  Fourier  transform  can  be  multiplied  by  the  Fourier 
transform  of  the  wavelet  if  a  wavelet  different  from  a  spike 
is  desired  as  the  input  wavelet. 


It  must  be  remembered  that  equation  2.34  is  a 
continuous  frequency  function.  If  a  discrete  Fourier 
transform  is  going  to  be  used,  it  is  necessary  to  sample 
this  function  at  some  frequency  spacing  df.  lhis  spacing 
must  be  small  enough  that  for  times  greater  than  T=1/df  the 
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amplitude  of  the  synthetic  seismogram  is  negligibly  small. 
If  such  is  not  the  case,  the  amplitudes  at  times  greater 
than  T  will  be  aliased  back  into  the  principle  time  band 
from  0  to  T.  This  is  the  analogous  case  to  sampling  in  the 
time  domain  where  the  requirement  is  that  the  amplitude  be 
negligible  beyond  the  Nyquist  frequency.  The  spacing  of 
points  in  the  time  domain  will  be  controlled  by  the  maximum 
frequency  that  is  used  in  the  frequency  domain  before  the 
discrete  Fourier  transform  is  applied.  If  this  maximum 
frequency  is  F  then  the  sample  interval  ,  dt,  is  dt=  1/2F, 

The  matrix  formulation  of  equation  2.31  has  the 
advantage  that  it  can  be  used  to  generate  the  response  in 
any  layer.  If  we  are  interested  in  a  surface  synthetic 


seismogram  only,  a  different  approach  can  be  used-  Dividing 
equation  2,28  by  equation  2.27  gives 

Y  (i)  =  exp[-2iKd  ]  _E+YJi±11  (2.36) 

1  ♦  BY  (i  +  1) 


where 

Y  (i)  =  U  (i)  /D  (i)  .  (2.  37) 

Y  (i)  is  the  ratio  of  the  spectrum  of  the  upgoing  wave  in 
layer  i  to  the  spectrum  of  the  downgoing  wave  in  layer  i. 
For  an  n  layer  model  over  a  half- space  Y(n  +  1)=0.  Equation 
2.36  can  be  successively  applied  from  the  bottom  layer  to 
the  surface  until  Y ( 1 )  is  solved  for.  Then  using  equations 
2.32  and  2.37  the  upgoing  wave  in  layer  1  can  be  solved  for. 
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and  the  surface  synthetic  seismogram  can  be  calculated  from 
equation  2.35.  Equation  2.36  is  a  continuous  function  of 
frequency  and  the  previous  comments  about  sampling  still 
apply. 


It  is  important  to  note  that  equations  2-31  and  2.36 
have  not  been  written  as  z  transforms,  but  rather  they  have 
been  left  as  functions  of  frequency  for  layers  of  specified 
thickness.  The  reason  for  this  is  that  the  presence  of 
absorption  also  requires  the  presence  of  dispersion,  and 
hence,  the  travel  time  through  each  layer  will  not  be  a 
constant  at  all  frequencies.  It  is  also  important  to  note 
that  even  in  the  case  where  there  is  no  absorption  the 
formulation  of  these  equations  could  be  used  to  calculate 
synthetic  seismograms  for  models  where  all  layer  thicknesses 
are  not  integral  multiples  of  the  sample  interval. 

In  the  limit  as  zero  frequency  is  approached  there  is 
no  dispersion  and  the  phase  velocity  approaches  c°.  The 
reflection  and  transmission  coefficients  are  real  and  at 
zero  frequency  will  be  defined  by 

E  =  pi  c°  »-  p»c°  11  (2.38) 

pi  co  i  +p»ic  om 


and 


2Plc°l _ 

p  i  co  i  +  P  mco  «, 


T 


(2.39) 
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The  absorption  model  being  used  in  this  thesis  is  given 
approximately  by  equations  1.1  and  1.13  to  1.15.  Equation 
1.  13  is  an  approximation  which  is  valid  for  large  Q  while 
the  exact  express  is  given  by  equation  2.8  which  can  be 
written  as 


a  =  [  (Q2+1)  i/2-Q]v/c. 
If  Q 1  is  defined  as 

1/2Q*  =  (Q2+ 1 )  1/2~Q 


(2. 40) 


(2.41) 


then 


a  =  w/2cQ •  =  w/2c°  Q°.  (2.42) 

Equation  1.  14  will  actually  describe  the  variation  of  Q1  and 
not  Q  with  frequency  for  w  >>  w°.  For  large  Q,  Q'  is 
approximately  equal  to  Q.  The  absorption  model  which  is 
used  in  this  thesis  is  given  by  equations  1.1  and  2.42  with 
the  dispersion  relation  given  by  1.15  and  is  valid  for  v  >> 

wo  . 

Equations  2.42  and  1.15  allow  the  calculation  of  "a", 
c,  and  Q  as  functions  of  frequency.  At  zero  frequency, 
equations  2.38  and  2.39  are  used  for  E  and  T  and  at  higher 
frequencies  equations  2.17  and  2.18  are  used  with  the 
complex  velocity  as  a  function  of  frequency  given  by 
equations  2.5  to  2.  8,  or  by  equations  2.5  to  2.7  and  2.9 
where  Q  in  2.9  is  replaced  by  Q'  given  by  2.41.  With  these 
equations  and  equations  2.30,  2.34  and  2-35  or  2.32,  and 
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2.35  to  2.37,  it  is  possible  to  calculate  a  synthetic 
seismogram  in  the  frequency  domain.  This  can  be  Fourier 
transformed  into  the  time  domain,  but  consideration  must  be 
given  to  selecting  df  appropriately  so  as  to  avoid  aliasing 
in  the  time  domain. 

Another  point  to  consider  is  that  in  order  to  perform 
the  discrete  Fourier  transform  it  is  necessary  to  cut  the 
data  off  at  some  high  frequency.  This  is  equivalent  to 
multiplication  of  the  spectrum  by  a  boxcar  in  the  frequency 
domain  which  is  the  same  as  convolution  with  a  sine  function 
in  the  time  domain.  This  can  have  undesirable  effects  since 
we  have,  in  effect,  ignored  the  contributions  of  frequencies 
beyond  some  maximum  frequency.  These  undesirable  effects 
can  be  minimized  by  multiplying  the  frequency  domain 
synthetic  seismogram  by  the  transfer  function  of  an 
appropriate  anti-alias  filter,  as  suggested  by  Kaiser 
(1S63),  so  that  the  amplitudes  beyond  this  maximum  frequency 
are  negligible.  The  time  domain  seismogram  can  then  be  used 
to  approximate  the  synthetic  seismogram  that  would  have  been 
recorded  through  this  anti-alias  filter. 

The  important  point  to  emphasize  is  that  the  equations 
for  the  calculation  of  the  synthetic  seismogram  in  the 
frequency  domain  including  the  effects  of  an  anti— alias 
filter  can  be  written  using  the  frequency  f  as  a  continuous 
variable.  however,  in  order  to  calculate  a  synthetic 
seismogram  on  a  digital  computer,  it  is  necessary  to 
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discretize  these  equations*  This  can  be  done  by  evaluating 
the  frequency  domain  expressions  at  discrete  frequencies 
separated  by  df.  It  is  necessary  to  choose  df  sufficiently 
small  in  order  to  minimize  the  effects  of  time  domain 
aliasing*  This  approach  leads  to  satisfactory  results  on  a 
digital  computer. 

Equations  2.31  or  2.36  and  2.37,  along  with  equations 
2.32  and  2.35,  can  be  used  to  generate  a  synthetic 
seismogram  for  a  downgoing  spike  as  a  source  at  the  top  of 
the  first  layer.  It  is  often  desirable  to  be  able  to 
simulate  a  buried  source.  This  can  be  done  by  first  solving 
equation  2.34  or  2.36  for  the  upgoing  wave  in  layer  one  when 
the  source  is  at  the  surface.  It  is  then  necessary  to 
subtract  the  reflections  off  the  layers  above  the  source 
from  U ( 1 )  since  these  reflections  would  not  appear  for  a 
buried  source.  Let  Es  be  the  Fourier  transform  of  these 
reflections.  The  next  step  is  to  replace  the  spike  source 
at  the  surface  by  a  source  which  will  simulate  a  spike  at 
time  zero  at  the  requested  depth,.  This  is  done  by 
multiplying  U(1)-Rs  by  (1-Rs')/Ts  where  Ts  is  the  Fourier 
transform  of  the  wave  transmitted  from  the  surface  to  the 
source  and  Es*  is  the  Fourier  transform  of  the  wave 
reflected  off  the  layers  between  the  source  and  the  surface 
as  seen  from  the  source.  This  calculation  will  simulate  a 
dcwngoing  pulse  equal  to  1-Rs'  at  the  source.  The  1  in  the 
preceding  expression  represents  the  input  spike  and  the  Rs' 
term  represents  the  ghost  reflections  off  the  layers  above 
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the  source.  The  reason  for  the  negative  sign  on  this  term 
is  that  the  upgoing  spike  which  is  reflected  is  a  -1  in  our 
coordinate  system  and  Rs*  will  be  solved  for  as  if  a  spike 
of  +  1  is  reflected.  The  final  step  is  to  include  the  direct 
wave  from  the  source  to  the  surface.  This  is  done  by  adding 
-Ts*  which  is  the  negative  of  the  Fourier  transform  of  the 
wave  transmitted  from  the  source  to  the  surface.  Again,  the 
minus  sign  appears  because  the  upgoing  spike  is  -1  in  our 
coordinate  system.  If  0"  is  the  Fourier  transform  of  the 
upgoing  wave  in  layer  one  for  a  buried  spike  source,  then 

0"  =  [U(1)-Rs]D"  -  Ts*  (2.43) 


where 


D"  =  ( 1-Rs * )  /Ts. 


(2.  44) 


The  quantities  Rs,  Ts,  Rs 1  and  Ts *  can  be  defined  in  terms 
of  the  model  parameters  as  follows.  Let  the  buried  source 
be  at  the  top  of  layer  L  as  shown  in  figures  2.4  and  2.5. 
Equation  2.31  then  becomes 


D  (1) 

D  (L) 

=  B 

0(1) 

U(L) 

(2.45) 


where  B  is  a  2  x  2  matrix  given  by 


B  =  A  (1)  A  (2)  .  .  .  A  (L-1)  . 


(2.46) 


For  a  spike  at  the  surface  D  (1) =1-rU  (1) ,  and  if  layer  L  is 
treated  as  a  half  space,  then  U(1)=Es  and  D(I)=Ts.  The 


* 


68 


Y  D(1)=1-rRs 


U(1)«Rs 


LAYER  1 


LAYER  2 


SOURCE 


Y  D(L)-Ts 


U(L)=0 


LAYER  L 


Figure  2-4 


Ihe  reflection  and  transmission  of  layers 
tetween  the  source  and  surface  as  viewed  from 
the  surface- 
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SOURCE 
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figure  2.5  Ihe  reflection  and  transmission  of  layers 

between  the  source  ana  surface  as  viewed  from 
the  source. 
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Equation 

simulate 


wave  in  layer  L  will  be  zero.  This  is  the  case 
figure  2.4  and  we  have 


1-rRs 

=  B 

Ts 

RS 

0 

—  _ 

__  __ 

(2.  47) 


Ts  (w)  = _ 1 _  (2.  48) 

B  (w)+rB  (w) 

11  21 


Rs(w)  =  B  (w)Ts(w).  (2.49) 

21 


the  situation  shown  in  figure  2.5  can  be  solved  to 


— .  — 

-  rTs 1 

=  B 

Rs  • 

i — 

W 

1 _ 

1 

(2. 50) 


-B  (w)-rB  (w) 

Ks'  (W)  = *2 _ 22 _  (2.51) 

B  (w)+rB  (w) 

11  2  1 


Ts»  (w)  =  B  (w)Rs'(w)  +  B  (w).  (2.52) 

2  1  22 

2.47  to  2.52  define  the  quantities  needed  to 
a  buried  source  in  terms  of  the  model  parameters. 


The  result  is 
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D"(w)  =  B  (v)  +  B  (w)  ♦  r[B  (w)  +  B  (w)  ]  (2.53) 

11  12  21  22 

and 

U"(w)  =  0(1)D"<w)  -  B  (w)  -  B  (w).  (2.54) 

21  22 

It  should  be  pointed  that  in  the  case  of  the  surface 
source,  the  total  source  is  a  single  downgoing  spike  and 
there  is  no  upgoing  energy  originating  at  the  source.  For 
the  buried  source  this  is  net  the  case  and  both  downgoing 
and  upgoing  energy  originate  from  the  source.  The  downgoing 
wave  is  a  unit  spike  of  positive  amplitude.  Since  we  are 
dealing  with  displacement  which  is  a  vector  quantity,  the 
upgoing  wave  originating  from  the  source  will  be  a  unit 
spike  of  negative  amplitude. 

It  was  mentioned  earlier  that  it  was  possible  to  use 
the  matrix  formulation  of  equation  2.31  to  solve  for  the 
upgoing  and  downgoing  waves  in  any  layer.  This  is  still 
true  for  the  case  of  a  buried  source-  In  order  to  solve  for 
the  upgoing  and  downgoing  waves  in  a  layer  K  below  the 
source  (K  >  L) ,  the  2x2  matrix  C  is  defined  as 

C  =  A(1)  A(2)...A(K-1)  (2-55) 


and 


1-rO  (1) 

D  (K) 

=  c 

0(1) 

U(K) 

D  ” 


(2.56) 
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Since  U  (1)  has  been  solved  for  and  D"  is  given  by  equation 
2.53,  then  the  equation  2.56  consists  of  two  equations  in 
■two  unknowns  and  is  easily  solved.  The  Fourier  transform  of 
the  synthetic  seismogram  in  layer  K  is  D(K)+U(K). 


In  order  to  solve  for  the  upgoing  and  downgoing  waves 
in  a  layer  K  above  the  source  (K  <  L)  ,  the  matrix  C  is  given 
by  equation  2.55  and 


-rU" 

U" 


C 


D  (K) 
U(K) 


(2.57) 


With  U"  defined  by  equation  2.54,  equation  2.57  is  two 
equations  in  two  unknowns. 


In  solving  for  the  upgoing  and  downgoing  waves  right  at 
the  source  (K=L),  it  is  best  to  average  the  results  of 
equations  2.56  and  2.5  7.  This  insures  that  the  direct 
upgoing  wave  and  the  direct  downgoing  wave  at  the  source 
will  cancel  each  other  to  give  a  zero  displacement  right  at 
the  source  at  time  zero. 


2. 2  Synthetic  Seismograms  Without  Absorption  by  Bay  Me thods 

The  ray  theory  approach  has  become  a  well  established 
method  of  constructing  synthetic  seismograms.  The  basic 
idea  behind  this  method  is  that  the  displacement  field  is 
divided  into  con  tributions  which  are  attributed  to 
individual  rays.  Each  ray  represents  a  particular  travel 
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path  form  the  source  to  the  receiver  and  the  final  synthetic 
seismogram  is  the  resulting  sum  of  the  amplitudes  of  all 
these  rays  with  their  appropriate  arrival  times*  Since 
there  are  an  infinite  number  of  rays  the  first  basic  problem 
in  the  generation  of  synthetic  seismograms  by  ray  methods  is 
that  of  choosing  which  rays  to  include  in  the  calculation. 
This  choice  must  be  made  in  such  a  way  that  the  synthetic 
seismogram  will  be  a  good  approximation  to  the  true 
seismogram  that  would  result  from  the  given  model  without 
allowing  the  number  of  rays  included  to  be  so  large  as  to 
make  the  calculation  time  prohibitive.  Of  course  if  we  are 
trying  to  match  the  synthetic  seismogram  to  the  real  earth 
then  there  is  also  the  second  problem  of  how  well  the  chosen 
model  approximates  the  real  earth.  In  this  section  one 
solution  to  the  first  problem  will  be  described  and  the 
second  problem  will  be  examined  briefly. 

The  first  step  in  generating  synthetic  seismograms  by 
the  ray  method  is  the  selection  of  which  rays  to  include  in 


the  synthetic 

seismogram. 

Once 

these 

rays  have 

been 

selected  the 

next  step  is 

to  calculate 

the  amplitude  and 

arrival  time 

of  each  ray. 

In 

order 

to  do  this 

it  i  s 

necessary  to 

specify  a  ray 

code 

which 

describes 

each 

particular  ray.  The  ray  code  used  in  this  thesis  is  that 
based  on  groups  of  kinematic  and  dynamic  analogs  as 
suggested  by  Hron  (1971). 

A  group  of  rays  are  said  to  be  kinematic  analogs  if 
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they  have  the  same  travel  time  from  the  source  to  the 
receiver-  All  kinematic  analogs  do  not  have  the  same 
amplitude-  Groups  of  rays  which  arrive  at  the  receiver  at 
identical  times  and  with  identical  amplitudes  are  referred 
to  as  dynamic  analogs.  For  a  model  that  consists  of  N 
layers,  a  string  of  2N- 1  integers  is  used  to  represent  the 
ray  code.  The  first  N  integers,  n (i)  for  i=1  to  N , 
represent  half  the  number  of  segments  of  the  ray  in  the  i'th 
layer-  These  integers  form  the  kinematic  code-  The  next 
N- 1  integers,  m (i)  for  i=  1  to  N- 1 ,  represent  the  number  of 
upward  reflections  of  the  ray  from  the  interface  at  the 
bottom  of  layer  i.  These  integers  form  the  dynamic  code. 
Thus  the  total  ray  code  is  of  the  form  [n(1),  n  (2)  ,  ... 
n(N)  ;  m(1),  m(2),  ...  m(N-1)  ]-  There  is  no  m  (N)  since  this 

number  must  always  be  equal  to  n(hi)  -  Figure  2-6  illustrates 
3  rays  in  a  2  layer  model-  All  of  these  rays  are  kinematic 
analogs  and  the  rays  in  B  and  C  are  dynamic  analogs.  The 
ray  code  for  ray  A  has  n(1)=2,  n(2)  =2  and  m(1)=0  so  that  the 
code  is  (2,  2;  0)  .  The  ray  codes  for  rays  B  and  C  are  (2, 
2;  1). 

Following  the  suggestion  of  Vered  and  Ben- Menahem 
(1974)  the  technique  used  for  ray  code  generation  is  based 
on  the  concept  of  permuted  partitions.  A  partition  of  an 
integer  N  is  defined  to  be  a  set  of  1  to  N  integers  whose 
sum  is  N,  taken  without  regard  to  order-  The  integers  which 
form  the  partition  are  called  its  parts.  Table  2.1  shows 
the  partitions  of  the  number  N  which  ranges  from  1  to  8 


■ 
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figure  2.6  Illustration  of  ray  codes. 
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Number  of  Parts 


N 

1 

2 

3 

4 

5 

6 

1 

1 

2 

2 

12 

3 

3 

12 

13 

4 

4 

13 

122 

1* 

22 

5 

5 

14 

123 

132 

15 

23 

122 

6 

6 

15 

124 

13  3 

I4  2 

18 

24 

123 

1222 

32 

23 

7 

7 

16 

125 

134 

1  43 

152 

25 

124 

1223 

13  22 

34 

132 

123 

223 

8 

8 

17 

126 

135 

1  44 

153 

26 

125 

1224 

1323 

1422 

35 

134 

1233 

1223 

42 

22  4 

1223 

232 

24 

Table  2. 1  Partitions  of  N  for  N=  1  to  8. 
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grouped  by  the  number  of  parts  in  each  partition.  For 
simplicity  repeated  parts  such  as  1111  are  abbreviated  I4. 

The  concept  of  partitions  can  be  used  to  generate  ray 
codes  in  the  following  manner.  If  the  maximum  number  of 
half  segments  to  be  used  in  any  ray  code  is  M  and  the  number 
of  layers  in  the  model  is  N#  then  all  of  the  partitions  of 
the  integers  from  1  to  M  which  have  N  or  less  parts  are 
generated.  These  partitions  are  permuted  in  all  possible 
ways.  This  set  of  permuted  partitions  represents  all  of  the 
possible  kinematic  ray  codes  for  our  model  which  contain 
from  1  to  M  half  segments.  For  each  kinematic  code  it  is 
possible  to  generate  the  set  of  all  possible  dynamic  codes 
which  satisfy  this  kinematic  code  by  using  the  criteria 
defined  by  Hron  (1971). 

Using  the  algorithm  given  by  Lehmer  (  1964)  it  is 
possible  to  generate  all  of  the  partitions  in  a  systematic 
way  so  that  it  is  net  necessary  to  store  any  of  them-  A 
routine  to  permute  these  partitions  based  on  the  fact  that 
not  all  of  the  parts  in  the  partition  are  different  has  been 
given  by  Churney  (1  977).  The  storage  space  required  by  this 
method  is  proportional  to  the  square  of  the  number  of  layers 
in  the  model  plus  3  times  the  number  of  layers.  This 
presents  a  very  considerable  saving  in  storage  over  the  ray 
generation  method  of  Hron  (1972) ,  wherein  the  storage  is 
proportional  to  the  largest  number  in  the  last  row  of  a 
Pascal's  triangle  containing  as  many  rows  as  there  are 


- 


78 


layers  in  the  model.  Table  2. 2  illustrates  a  comparison  of 
the  number  of  storage  locations  required  using  Churney's 
method  and  using  Hron*s  method. 

Figure  2,7  is  a  flow  chart  of  the  algorithm  for  ray 
code  generation  using  the  permuted  partition  concept.  IBS 
is  the  number  of  half  segments  in  the  code  and  MNHS  will  be 
the  maximum  number  of  half  segments. 

The  simplest  restriction  that  can  be  applied  to 
selecting  rays  is  a  time  criterion.  With  this  restriction 
the  amplitudes  of  rays  whose  arrival  time  is  outside  some 
time  window  of  interest  are  rejected.  This  method  of 
restriction  is  almost  always  used  with  the  most  common 
window  being  one  from  time  to  zero  to  some  maximum  time. 

Hron  and  Kanasewich  (1971)  suggest  using  the  maximum 
number  of  half  segments  in  a  ray  as  a  restriction  criterion; 
however,  this  has  the  disadvantage  that  the  number  of  rays 
increases  very  rapidly  with  the  number  of  layers  even  when 
the  number  of  half  segments  is  just  equal  to  the  maximum 
number  of  layers.  This  places  a  rather  severe  restriction 
on  the  number  of  layers  that  a  model  may  contain. 

Churney  (1977)  suggests  using  a  permuted  partition 
approach  and  restricting  the  number  of  parts  in  the 
partition.  This  greatly  reduces  the  number  of  rays  but  has 
the  disadvantage  that  some  rays  which  are  left  out  of 
calculation  contribute  significant  amplitudes,  while  some 
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Number  of  Layers 


Hron  Algorithm 


Churney  Algorithm 


2 

2 

10 

4 

6 

28 

6 

20 

54 

8 

70 

88 

10 

252 

133 

12 

924 

180 

14 

3432 

238 

16 

1  2870 

304 

18 

48620 

378 

20 

1  84756 

4fc:0 

22 

705432 

550 

24 

2704156 

648 

Table  2.2  Comparison  of  reguired  storage  locations  for  the 
methods  of  Hron  (1972)  and  Churney  (1977). 
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igure  2.7  Flow  chart  of  ray  code  generation  scheme  using 
permuted  partitions. 
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rays  which  are  included  contribute  quite  insignificantly. 

The  criterion  for  restricting  rays  being  suggested  here 
is  based  on  a  multiples-or der  approach.  The  synthetic 
seismogram  will  be  restricted  to  include  primary  reflections 
plus  all  multiple  reflections  up  to  and  including  a 
specified  order  of  multiple.  Since  amplitude  decreases  as 
the  number  of  reflections  increases  one  would  intuitively 
expect  this  to  be  a  logical  way  to  eliminate  rays  cf  low 
amplitude  from  the  calculation  while  retaining  the  more 
significant  phases. 

This  multiples- order  approach  is  applied  to  the 
permuted  partitions  method  in  two  steps.  The  first  step 
restricts  the  partitions  by  using  only  those  partitions 
whose  largest  part  is  less  than  one  plus  the  highest  order 
of  allowed  multiple.  Thus,  if  only  multiples  up  to  and 
including  the  second  order  are  desired,  all  partitions  whose 
largest  part  is  greater  than  3  would  not  be  used.  This  is 

because  any  reflected  ray  with  a  larger  number  of 

half-segments  than  3  in  any  layer  is  a  multiple  of  greater 

than  second  order.  If  M0"  is  the  maximum  order  to  be 

considered  and  N  is  the  integer  being  partitioned,  no 
partitions  will  be  generated  with  less  than  (N-1) /(0+1 ) 
parts.  All  partitions  with  more  than  this  number  of  parts 
and  less  than  N-0  parts  will  be  generated,  but  only  some  of 
them  will  be  used.  All  partitions  containing  N-0  or  more 
parts  will  be  generated  and  used.  For  example,  if  the 
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integer  being  partitioned  is  8  and  only  multiples  up  to  and 
including  second  order  are  desired,  then  no  partitions 
containing  1  or  2  parts  would  be  generated.  All  partitions 
containing  3  to  5  parts  would  be  generated,  but  only  some  of 
them  would  be  used,  and  all  partitions  consisting  of  6,  7  or 
8  parts  would  be  used. 

The  second  step  of  the  restriction  process  is  applied 
in  the  generation  of  the  dynamic  codes.  The  sum  of  the 
numbers  m  (i)  in  the  dynamic  code  plus  the  last  number,  n  (N)  , 
from  the  kinematic  code  is  the  total  number  of  upward 
reflections  of  the  given  ray.  If  this  is  greater  than  one 
plus  the  maximum  order  of  allowable  multiple,  then  this  ray 
is  not  included  in  the  calculation. 

Figure  2.8  is  a  plot  of  a  20  layer  velocity-depth  model 
made  from  a  sonic  leg  from  a  well  near  Edmonton,  Alberta- 
The  method  used  for  blocking  sonic  or  density  logs  in  this 
thesis  is  as  follows.  First,  the  log  is  manually  edited  to 
attempt  to  correct  cycle  skips  etc.  In  the  case  of  a 
velocity  log  an  adjustment  is  made  by  simple  linear  scaling 
so  that  integrated  travel  times  over  various  depth  intervals 
will  agree  with  check  shot  times  if  they  are  available.  The 
log  is  then  spatially  filtered  with  a  low  pass,  zero  phase 
Butterworth  filter  to  attempt  to  remove  layers  less  than  a 
specified  thickness.  After  filtering,  the  log  is  again 
scaled  so  that  integrated  log  values  over  15  meter  depth 
intervals  are  the  same  as  before  filtering.  Finally,  layers 
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figure  2.8  20  layer  velocity-depth  model  rear  Edmonton, 

Alberta.  Alsc  shewn  is  the  974  layer  model. 
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are  constructed  by  averaging  log  values  (density  or  transit 
times)  over  the  entire  layer  thickness  subject  to  the 
restriction  that  a  new  layer  will  be  recognized  if  the 
change  in  log  value  between  the  layers  is  greater  than  a 
specified  percentage  of  the  value  in  the  previous  layer.  In 
all  cases  the  appropriate  physical  guantities  (transit  time 
or  mass)  are  conserved.  Also  shown  is  figure  2.8  is  a  974 
layer  v  elocity-depth  model  whicn  was  produced  by  creating 
layers  whose  thickness  was  one  millisecond  in  terms  of  two 
way  transit  time. 

Figure  2.9  shows  the  primaries  only,  primaries  plus 
first  order  multiples,  and  primaries  plus  first  and  second 
order  multiples  synthetic  seismograms  for  the  model  in 
figure  2.8.  In  making  these  seismograms  the  density  was 
assumed  to  be  constant.  These  synthetics  are  calculated  for 
vertical  incidence-  Also  shewn  in  this  figure  is  the  exact 
solution  for  the  20  layer  model  calculated  using  the  method 
outlined  in  the  previous  section  with  no  absorption.  These 
synthetic  traces  don't  include  the  effects  of  geometric 
spreading.  The  fifth  trace  in  the  figure  shows  the  exact 
solution  for  the  974  layer  model.  It  is  apparent  that  there 
is  little  difference  between  the  primaries  only,  the 
primaries  plus  first  order  multiples,  and  the  primaries  plus 
first  and  second  order  multiples  synthetic  seismograms. 
There  is  also  little  difference  between  these  traces  and  the 
exact  solution  for  the  20  layer  model.  It  is  interesting  to 
note  the  difference  between  the  exact  solutions  for  the  20 
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Figure  2.9 


Comparison  of  synthetic  seismograms  for  20  layer 
model . 
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and  974  layer  models.  This  points  out  the  second  problem  in 
the  generation  of  synthetic  seismograms,  namely  matching  the 
model  to  the  real  earth.  It  is  felt  that  the  974  layer 
model  is  a  more  realistic  model  of  what  the  true  earth  might 
be  like. 

The  wavelet  used  in  constructing  the  synthetic 
seismograms  in  figure  2.9  is  shown  in  figure  2.10.  This 
wavelet  is  an  exponentially  damped  sine  wave.  The  equation 
of  this  wavelet  is 

S  (t )  =  sin(wt)  exp(- w2t2/b2)  (2.58) 

with  w  equal  two  pi  times  the  dominant  frequency  (35  Hz)  and 
the  damping  constant  b=2-  This  wavelet  is  defined  for  the 
absolute  value  of  t  less  than  45  msec  and  is  zero  elsewhere. 
The  spectrum  peaks  at  35  Hz  and  is  6  db  down  at  12  and  65 
Hz.  Table  2.3  compares  the  CPU  times  and  number  of  phases 
for  the  synthetic  traces  made  from  the  20  layer  model.  The 
CPU  times  are  for  an  Amdahl  470-V6  computer. 

Figure  2.11  compares  primaries  only  synthetic 
seismograms  without  geometric  spreading  for  20,  54,  97,  174 
and  974  layer  models  with  the  exact  solution  for  the  974 
layer  model.  All  of  these  models  were  made  from  the  same 
well  log  used  before  with  the  only  difference  being  the 
percentage  change  in  velocity  required  before  a  new  layer 
was  recognized  when  the  log  was  blocked.  The  wavelet  shown 
in  figure  2.10  was  also  used  for  these  seismograms.  From 


6  7 


-50 


-25 

I 


0 

J- 


25 

— L 


50 


T" 

25 


“l 

50 


-50 


-25 


T 

0 


TIME  (MSEC) 


Figure  2.10 


55  Hz  damped  sine  wave  wavelet 
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Met  hod 

MNHS 

Number  of 
phases 

CPU  time 
(sec) 

Prima  rie  s 

20 

20 

1st  order 

20 

1079 

5.63 

22 

1150 

13.83 

2nd  order 

20 

26521 

42.59 

24 

30207 

436.12 

Table  2.3 


Comparison  of  CPU 
20  layer  model- 


times  and  number 


of  phases  for 
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figure  2-  I  1 


Primaries  only  synthetics  for  the  model  near 
Edmonton,  Alterta. 
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this  figure  it  is  apparent  that  the  models  with  54  or  more 
layers  are  good  approximations  to  the  974  layer  exact 
solution  and  that  the  comparison  improves  as  the  number  of 
layers  is  increased. 

Figure  2.12  compares  synthetics  for  the  same  models 
used  in  figure  2.11;  however,  in  the  cases  of  the  20  to  974 
layer  ray  tracing  synthetic  traces,  all  first  order  surface 
multiples  have  been  included  in  addition  to  all  primaries- 
The  wavelet  shown  in  figure  2.10  was  used  for  this  figure  as 
well-  Again  models  of  54  or  more  layers  show  good 
agreement.  The  inclusion  of  surface  multiples  has  not 
improved  the  comparison  very  much  and  certainly  not  enough 
to  justify  the  large  increase  in  the  number  of  rays  required 
for  models  with  more  than  54  layers.. 

2^3  Synthetic  Seismograms  Kith  Absorption  b. y  Bay  Met  hods 

In  this  section  the  problem  of  constructing 
non-vertical  incidence  synthetic  seismograms  which  include 
the  effects  of  absorption  and  dispersion  by  ray  methods  will 
be  briefly  examined.  As  was  done  for  the  vertical  incidence 
seismograms,  the  absorption  will  be  handled  mathematically 
by  allowing  the  wave  number,  velocity  and  elastic  modulus  to 
be  complex  functions  of  frequency.  The  displacement  will  be 
written  as 


U  =  U  ( 0)  exp[i  (wt-K*r)  ] 


(2.59) 


. 


20  LAYER 


9  1 


r igure 


Primaries 
tne  model 


plus  surface  multiples  synthetics 
near  Edmonton,  Alberta. 


for 


2.  12 


0.0  0.2  0.4  0.6  0.8 

TIME  (SEC) 


92 


where  r  is  the  position  vector  and  K  is  the  complex 
propagation  constant  which  will  be  written  as 

K  =  P  -  iA  (2.  60) 

where  P  is  the  phase  vector  and  A  is  the  attenuation  vector. 
For  plane  waves  the  geometric  interpretation  of  the 
direction  of  these  vectors  is  that  P  is  perpendicular  to 
planes  of  constant  phase  (wave  fronts)  and  A  is 
perpendicular  to  planes  of  constant  amplitude  (Borchert, 
1973).  In  general  P  and  A  do  not  need  to  be  in  the  same 
direction . 

In  the  elastic  case,  where  no  absorption  is  present, 
the  formulas  used  for  the  reflection  and  transmission 
coefficients  in  the  zero'th  approximation  of  asymptotic  ray 
theory  are  just  those  of  plane  waves  (Cerveny  and  Eavindra, 
1971).  In  the  anelastic  case,  where  absorption  is  present, 
the  problem  of  calculating  the  reflection  and  transmission 
coefficients  for  plane  waves  at  a  plane  interface  has  been 
examined  by  Lockett  (  1962).  He  showed  how  to  set  up  a  4  by 
4  matrix  equation  which  must  be  solved  for  the  appropriate 
coefficients;  however,  he  did  not  provide  an  analytic 
expression  for  the  actual  solutions-  His  equations  are  in 
terms  of  displacements.  Cooper  and  Eeiss  (1966)  and  Cooper 
(1967)  have  solved  the  same  problem  in  terms  of  potentials. 
The  problem  has  been  further  discussed  for  SH  waves  by 
Borchert  (1  977).  The  solution  is  obtained  in  the  same 
manner  as  for  the  elastic  case  except  that  the  velocity. 


■ 


■ 
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wave  number  and  elastic  modulus  are  replaced  by  their 
complex  equivalents.  As  a  result,  the  reflection  and 
transmission  coefficients  become  complex  functions  of 
frequency.  At  an  interface  the  solution  is  still  further 
complicated  by  the  fact  that  the  angle  between  the  phase 
vector  and  the  attenuation  vector  must  be  calculated. 

As  a  result  of  the  introduction  of  the  complex  wave 
vector  equation  1.23  now  becomes 

M/p  =  w2/K*k.  (2.61) 

Substituting  equation  1.29  into  equation  2.61  and  equating 
real  and  imaginary  parts  leads  to 

Ee[K«K]  =  |P|2-|  A|2  = _ Pwf _  (2.62) 

m (It 1/Q2) 


and 


Im[K*K  ]  =  -2  A  •?  =  -2  |  A  |  |  ?  |  cos  (g)  = _ zfi)Ll _  (2.63) 

m (Q+ 1/Q) 

where  Re  and  Im  indicate  the  real  and  imaginary  parts  of  the 
terms  in  brackets  and  g  is  the  angle  between  A  and  P. 
Equations  2.62  and  2.63  can  be  solved  for  I A |  and  |P|  to 
yield 

|  p |  =  w(P/m)  1/2  (F  +  G)  i/2  (2.64) 

and 


|  A  |  =  w  (  P/m)  !/2  (F-G)  »/2 


(2.  65) 


. 
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where 


G  =  Q2/2  (Q2+  1) 


(2.66) 


and 


F  =  G  (1  +  1/Q2cos2g)  1/2 


(2.  67) 


Since  the  phase  velocity,  c,  is  equal  to  v/|P|  then 


c 


(m/p)  i/2(f+G)-i/2. 


(2.68) 


Equation  2.  68  points  out  seme  of  the  complications  which 
result  from  the  angle  g  between  A  and  P.  The  phase  velocity 
is  now  slightly  dependent  on  this  angle,  as  is  the 
absorption  which  is  given  by  exp(-A«r).  This  will  make  ray 
tracing  more  complicated  since  it  is  no  lonqer  possible 
simply  to  apply  Snell's  law  directly  when  going  from  one 
medium  to  the  next.  This  angle  is  a  result  of  the  boundary 
conditions  at  the  interface.  Since  A  is  perpendicular  to 
the  planes  of  constant  amplitude,  then  a  uniform  plane  wave 
source  in  an  infinite  medium  will  produce  waves  where  A  an  d 
P  are  parallel.  Such  waves  are  referred  to  as  homogeneous 
waves.  Presence  of  an  interface  can  lead  to  a  transmitted 
wave  in  which  A  and  P  are  no  lonqer  parallel.  Such  a  wave 
is  referred  to  as  an  inhomogeneou  s  wave  (Borcherdt,  1973)- 

Consider  a  plane  P  wave  striking  an  interface  and 
producing  reflected  and  transmitted  P  and  S  waves  as  shown 
in  figure  2.13.  For  simplicity  the  transmitted  and 
reflected  S  waves  are  not  shown  in  figure  2.13.  The  angle 
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Figure  2.13  Non-vertical  reflection  and  transmission  of  P 

waves . 


96 


between  the  incident  ray  and  the  normal  to  the  interface  is 
i*  and  the  angle  between  the  transmitted  ray  and  the  normal 
is  i".  In  medium  1  the  angle  between  A*  and  p'  is  g*  and  in 
medium  2  the  angle  between  A”  and  P"  is  g".  These  angles 
are  drawn  in  the  sense  that  will  be  used  for  measuring 
positive  angles  in  this  thesis.  Lockett  (1  962)  has  shown 
that  the  x  component  of  the  complex  wave  vector  K  as  denoted 
by  Kx  must  be  constant.  This  leads  to 

Px'  =  Px"  (2.69) 


a  nd 


Ax'  =  Ax".  (2.70) 

Equation  2.69  is  just  Snell's  law  and  equation  2.70  is  a 
complex  addition  to  Snell's  law.  This  same  law  applies  to 
the  reflected  and  transmitted  S  waves.  Equations  2.69  and 
2-70  are  a  direct  result  of  the  boundary  conditions  which 
require  the  continuity  of  displacement  and  normal  stress 
across  a  boundary. 

The  procedure  used  in  this  thesis  to  describe  an 
absorptive  medium  is  to  specify  the  density,  homogeneous 
phase  velocity,  and  Q  value  at  a  particular  frequency  for 
the  medium.  The  real  part  of  the  complex  modulus  is  then 
calculated  from  the  homogeneous  phase  velocity  using 
equations  2.66  to  2.68  with  g=0.  Futterman's  model  is  used 
to  give  the  frequency  dependence  of  the  homogeneous  phase 
velocity  and  Q.  Alternatively,  m  could  be  specified  instead 
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of  the  homogeneous  phase  velocity  and  a  relation  for  the 
frequency  dependence  of  m  could  be  easily  calculated.  At  an 
interface  these  parameters,  which  characterize  the  medium, 
are  known  on  both  sides  of  the  interface  and  i*  and  g*  are 
known  on  one  side  of  the  boundary.  Using  equations  2.64  to 
2.  67  and  simple  geometry  the  x  components,  Px'  and  Ax’,  and 


the  z 

components. 

?z« 

and  Az1,  can  be  calculated. 

Equations 

2.  69 

and 

2.  70 

then 

allow  calculation  of 

Px" 

and  Ax". 

Equations 

2.62 

and 

2.63  can  then  be  applied 

to 

the  second 

medium.  They  represent  two  equations  in  two  unknowns 
(namely  Pz"  and  Az")  and  can  be  solved  to  give 

Kz"2  =  £e[K"*K"  ]-?x"2+Ax"2  +  i  (Im[  K"*K"  ]+2Ax"Px")  (2.71) 

where  the  real  and  imaginary  parts  of  K"*K"  are  calculated 
from  equations  2.62  and  2.63  and  Px"  and  Ax"  are  calculated 
from  equations  2.69  and  2.70.  From  equations  2.60  and  2.71 

Pz"  =  ±Ee[Kz"2]i/2  (2.72) 


and 


-Az"  =  ±Im[  Kz"2  ]*/2  .  (2.73) 

The  square  root  in  equations  2.72  and  2.73  is  the  principal 
value  of  the  square  root.  For  angles  less  than  the  critical 
angle  the  top  sign  is  used  in  equations  2.72  and  2.73.  Then 
from  simple  geometry 


i"  =  tan”1 (Px "/Pz") 


(2.  74) 


. 
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and 

9"  =  90o  .  tan-1 (Az"/Ax")  -  i».  (2-75) 

Once  g"  has  been  calculated  using  equation  2. 75  it  is 

possible  to  calculate  the  phase  velocity  in  the  second 
medium  using  equations  2.66  to  2.68. 

Equations  2.69  to  2-75  along  with  equations  2.62  and 
2.63  are  used  in  tracing  a  ray  from  one  medium  to  the  next. 

When  tracing  a  ray  (solving  for  the  ray  parameter  for  a 

given  offset  distance)  it  is  necessary  to  use  these 
equations  along  the  ray  path.  This  makes  the  calculation 
more  complicated  than  in  the  elastic  case  where  Snell's  law 
is  used  directly  in  going  from  one  layer  to  the  next. 

Another  point  that  must  now  be  considered  is  the 
frequency  dependence  of  the  absorption.  The  absorption  will 
depend  on  |A|cos(g)  and  thus  from  equation  2.65  it  is 
apparent  that,  if  the  absorption  is  to  be  an  exactly  linear 
function  of  frequency,  then  the  quantity  cos2g  (F-G)/m  must 
be  a  constant.  Eliminating  m  from  this  expression  by  using 
equation  2.68  gives  the  equation 


c  { (Q2  + 1/cos2  g)  1/2  +  Q}  =  constant. 


(2.  76) 


For  homogeneous  waves  this  equation  is  always  true  because 
of  equations  2.41  and  2.42.  For  inhomogeneous  waves  this 
equation  would  only  be  true  if  Q  also  had  some  dependence  on 
-  since  it  is  necessary  to  know  Q  in  order  to 


9- 


However , 


« 

■ 
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calculate  g  when  passing  through  an  interface,  it  was 
decided  not  to  allow  Q  to  depend  on  g.  This  approximation 
means  that  the  absorption  is  only  an  exactly  linear  function 
of  frequency  for  homogeneous  waves.  For  inhomogeneous  waves 
the  absorption  is  not  an  exactly  linear  function  of 
frequency.  If  I A  ( g )  |  is  the  magnitude  of  A  for  a  specific 
value  of  g  then  from  equation  2.65  it  is  obvious  that 


lAl£llcosiqL  = 

|A  (0)  i 


(Q2  +  1/cos2q)  i/2-p 

(Q2+1) 1/2-Q 


l/2cos (g) 


(2.77) 


Table  2.4  lists  values  of  |A(g)|cos(g)  divided  by  |A(0)1  at 
various  frequencies  for  various  values  of  g  and  values  of  Q 
of  25  and  50.  The  variation  of  the  homogeneous  phase 
velocity  and  Q  as  a  function  of  frequency  is  given  by 
Futterman’s  model.  From  the  table  it  is  obvious  that  the 
deviation  of  the  absorption  from  an  exactly  linear  function 
of  frequency  is  very  small  if  Q  is  not  allowed  to  depend  on 
g.  Net  allowing  this  dependence  means  that  it  is  necessary 
only  to  iterate  on  i  and  not  on  i  and  g  when  tracing  a  ray. 
This  will  simplify  things  a  great  deal. 


Lockett  (1962)  describes  the  method  for  setting  up  the 
equations  which  must  be  solved  for  the  reflection  and 
transmission  coefficients  in  the  anelastic  problem.  The 
boundary  conditions  are  the  same  as  for  the  elastic  problem 
and  the  only  change  is  that  elastic  modulus,  phase  velocity, 
and  wave  number  are  complex  functions  of  frequency.  This 
means  that  the  reflection  and  transmission  coefficients  are 
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freque  ncy 


10  Hz 

50  Hz 

250  Hz 

g=15° 

Q=  25 

Q=5  0 

. 999986 
.999996 

.999986 
. 999996 

.999986 

.999996 

g=30  ° 

Q=2  5 

Q=50 

.999936 
.  999984 

.999933 

.999983 

.  999931 
.999983 

g=45° 

Q=25 

Q=5  0 

.999806 

.999951 

. 999800 
. 999950 

.999792 

.999949 

g=60  0 

Q=  2  5 

Q=50 

.999426 
.  999853 

.999402 

.999850 

.  999377 
. 999647 

g=75° 

Q=2  5 

Q=5  0 

.997353 

.999319 

. 997244 
.999305 

.997129 

.999291 

Table  2.4  Values  of  |  A  ( g)  |  cos  (g) /I  A  (0)  | 
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complex  functions  of  frequency  indicating  that  there  is  a 
change  of  phase  on  reflection  or  transmission.  Let  the 
general  form  for  an  incident  wave  be  given  for  P  waves  by 

S(P)  =  CMf)»N(p)  ]  exp£-iK(p)  *r  ]  (2.78a) 

and  for  S  waves  by 


U(s)  =  [N(s),-L(s)]  exp[-iK(s)  «r  ] 


(2.78b) 


where  the  p  or  s  in  parentheses  indicates  that 
applies  to  P  or  S  waves  respectively.  K 
equation  2.60  and  [L,N]  and  [N#-L]  are  complex 
in  the  x-z  plane.  L  and  N  are  complex  and  obey 


the  quantity 
is  given  by 
unit  vectors 
the  equation 


L  2+N  2=  1  . 


(2.79) 


The  equations  for  L  and  N  are 

L  =  Kx/  (K*K)  1/2 


(2.80a) 


an  d 

N  =  Kz/(K*K)  1/2  (2.  80b) 

where  K  is  the  complex  wave  vector  associated  with  the  given 
wave  (P  or  S).  For  homogeneous  waves  L  and  N  equal  the  sine 
and  cosine  of  the  incidence  angle  respectively.  For 
inhomogeneous  waves  L  and  N  are  complex  implying  that  the  x 
and  z  components  of  the  displacement  have  different  phases. 
This  means  that  the  particle  motion  at  the  given  frequency 
is  elliptical.  This  elliptical  motion  will  occur  for  all 
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inhomogeneous  waves  and  again  is  a  result  of  the  boundary 
conditions  at  the  interface.  The  general  form  of  a 
reflected  P  wave  is 

2(P)  =  CL(p)  ,-K(p)]  B(p)  ex  p[  -iK  ( p)  •  r  ] 

and  of  a  reflected  S  wave  is 

U(s)  =  [  N  (s)  ,  L  (s)  ]  B(s)  exp[-iK  (s)  «r  ]. 

Likewise  the  general  form  of  a  transmitted  P  wave  is 

U(P)  =  [L(P)#N{p)3  T(p)  exp[-iK  (p)  *r] 

and  of  a  transmitted  S  wave  is 

U<s)  =  [N(s),-L(s)  ]  T  (s)  exp[-iK(s)  •£] 

where  B  and  T  denote  the  appropriate  complex  reflection  and 
transmission  coefficients. 

following  a  procedure  similar  to  that  used  by  Cerveny 
and  Bavindra  (1971)  the  boundary  conditions  at  an  interface 
lead  to  a  set  of  4  by  4  matrix  equations  which  can  be  solved 
for  the  16  possible  reflection  and  transmission  coefficients 
at  an  interface.  These  equations  are  written  as 

A  (4x4)  E  (4x4)  =  B(4x4)  (2.81) 

where  A,  B  and  B  are  4x4  matrices.  If  A(i,j),  E  (i,j)  and 
B  (i,  j)  denote  the  element  in  the  i'th  row  and  j'th  column  of 
the  matrices  A,  E  and  B  respectively,  then 


•  . 
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B  (if  j) 


i 


(-1) 


(2.82) 


B(i,j)  represents  the  reflection  or  transmission  coefficient 
for  a  reflected  or  transmitted  wave  of  the  type  indicated  by 
by  the  index  i  when  the  incident  wave  is  of  the  type 
indicated  by  the  index  j.  i  or  j  take  on  the  values  1  to  4 
to  indicate  respectively,  a  P  wave  in  medium  1 ,  an  S  wave  in 
medium  1#  a  P  wave  in  medium  2,  and  an  S  wave  in  medium  2. 
The  components  of  the  matrix  A  are  written  as 


A  (1,1) 

=  L"  (p) 

(2.83a) 

A  (1,2) 

=  N'  (S) 

(2.83b) 

A  (1,3) 

=  -L"(p) 

(2- 83c) 

A  (1,4) 

=  -N"  (s) 

(2.  83d) 

A (2, 1) 

=  -N'(P) 

(2. 83e) 

A  (2,2) 

=  L*  (s) 

(2- 63f ) 

A  (2,3) 

=  -N"(P) 

(2.  83 g) 

A  (2,4) 

=  L"  (s) 

( 2. 83h) 

M*  (p)  {Kx  'L  *  (p)  +Kz*  (p)  N*  (p)  }  -  2 

(s)  {  Kx  '  L  '  (p)  } 

(2.  6 3i) 

A (3, 2 )  =  - 

2M *  (s)  {Kx'K '  (s  ) } 

(2.83 j) 

A  (3,3)  =  ”13"  (p)  {Kx”  L"  (p)  ♦Kz  M  (  p)  NM  (p)  }  -  2M"  (s)  £Kx"L"  (p  )  } 

(2.8  3k) 
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A  (3,4)  =  2M"  (s)  {Kx"N»(s)  } 


(2.831) 


A  (4  ,  1 )  =  -M*  (s)  {Kx'N*  (p)+Kz*  (p)L'  (p)  } 


(2-  8  3m) 


A  (4,2)  =  M 1  ( s)  {K x ' L  1  (s)-Kz1  (s)  N*  (s )  } 


(2. 83n) 


A  (4,3)  =  -M”  (s)  {Kx»N"  (p)  +Kz  "(P)  L"  (p)  } 


(2.83o) 


A  (4 , 4)  =  M"  (s)  {Kx"L"  (s)-Kz"  (s)  N"(s)  } 


(2.83p) 


where  the  prime  refers  to  medium  1  and  the  double  prime  to 
medium  2. 

The  problem  of  calculating  the  geometric  spreading  for 
elastic  waves  is  described  in  detail  in  Cerveny  and  Eavindra 
(197  1).  The  derivations  of  the  formulas  for  the  geometric 
spreading  for  waves  in  absorptive  media  will  be  derived  in 
exactly  the  same  manner.  The  only  difference  is  that  the 
phase  velocity  is  now  a  function  of  g,  and  g  depends  the 
initial  value  of  i  at  the  source.  This  will  make  the 
formula  for  the  spreading  slightly  more  complicated.  For  a 
P  wave  which  travels  from  the  surface  down  through  a  series 
of  homogeneous  layers,  is  reflected,  and  returns  to  the 
surface,  the  spreading  function  (equation  2.142  of  Cerveny 
and  Eavindra,  1971)  contains  a  multiplying  factor  inside  the 
summation.  This  factor  I  is  given  by 


I(j)  =  cos2{i(j)}  ♦  sin2(i(j)}[Be{K*  (1)Pz  (j)/P2(1)Kz(j)  }  ] 


where  the  j  in  parentheses  indicates  that  the  parameter 
applies  to  layer  j. 
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Thus  a  synthetic  seismogram  which  includes  the  effects 
of  absorption  and  dispersion  can  be  calculated  by  making  the 
modifications  described  above  to  the  elastic  ray  theory. 
The  tracing  of  rays  is  more  complicated  because  of  the  angle 
g,  and  the  ray  parameter  and  spreading  are  functions  of 
frequency.  Also,  the  reflection  and  transmission 
coefficients  are  complex  functions  of  frequency.  For  rays 
in  inhomogeneous  layers  the  amplitude  computation  in  the 
elastic  theory  contains  a  factor  involving  the  square  root 
of  the  product  of  density  and  velocity.  This  factor  would 
also  have  to  be  rederived  for  the  case  of  inhomogeneous 
absorping  layers.  For  a  series  of  homogeneous  layers  this 


factor  is 

one 

• 

The 

synthetic  seismogram 

including 

absorption 

must 

be 

computed  in 

the  frequency 

domain  and 

transformed 

to 

the 

time 

doma in. 

This  means 

that  the 

computation 

for 

each 

ray 

must 

be  done  at 

ail  desired 

frequencies.  Performing  these  computations  at  each 
frequency  makes  this  procedure  extremely  expensive  and  time 
consuming  on  a  digital  computer.  Even  if  the  computations 
are  performed  at  as  few  as  100  frequencies,  there  is  an 
increase  of  two  orders  of  magnitude  in  the  number  of 
computations  required  for  the  anelastic  seismogram  in 
comparison  to  the  elastic  seismogram.  In  addition,  the 
anelastic  computations  are  more  complicated  and  require  more 
computer  time.  Therefore,  it  is  necessary  to  find 
approximations  that  allow  computation  of  the  anelastic 
seismogram  without  tracing  rays  at  each  frequency. 


. 


106 


The  first  approximation  would  be  to  ignore  the 
frequency  dependence  of  certain  quantities.  Using  this 
approximation  these  quantities  would  be  evaluated  at  a 
dominant  frequency,  f*,  and  would  be  assumed  to  have  this 
value  at  all  frequencies.  The  quantities  whose  frequency 
dependence  will  be  ignored  are  the  geometric  spreading,  ray 
parameter  and  the  reflection  and  transmission  coefficients. 

In  order  to  examine  the  frequency  dependence  of  the 
reflection  and  transmission  coeff icie rts,  several 
calculations  were  made  for  a  simple  model.  Figures  2-14  to 
2.18  show  the  results  of  seme  of  these  calculations.  The 
velocity,  density  and  Q  value  for  medium  1  were  4  km/sec, 
2.0  gm/cc  and  30.  For  medium  2  these  parameters  had  the 
values  6,  2.5  and  60  respectively.  The  velocities  are  the 
homogeneous  phase  velocities  and  along  with  the  Q  values 
apply  at  a  frequency  of  40  Hz.  The  frequency  dependence  of 
these  quantities  is  given  by  Futterman*s  model.  Values  of 
the  angles  i*  and  g*  for  the  P  wave  in  medium  1  were 

specified  and  apply  at  40  Hz  also-  Values  of  i"  and  g" 

refer  to  the  reflected  or  transmitted  wave  and  thus  apply  to 
the  same  medium  as  i*  and  g'  for  reflections  and  to  the 
other  medium  for  transmissions.  Solid  curves  are  the 
amplitude  curves  and  dashed  curves  are  the  phase  curves. 
Figure  2.  14  is  the  P  wave  reflection  coefficient  for  an 

incident  P  wave  in  medium  1.  Figure  2.15  is  the  P 

reflection  coefficient  for  a  P  wave  incident  in  medium  2. 
Figure  2.  16  is  the  reflection  coefficient  for  an  S  wave  when 


. 
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Jigare  2.14  Eeflection  coefficient  11P1.  The  solid  line  xs 

the  amplitude  and  the  dashed  line  is  the  phase. 
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Figure  2.  15  Feflectioc  coefficient  P2P2.  Ice  solid  line  ns 

the  amplitude  and  the  dasned  line  is  the  phase. 
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Figure  2.16  Eeflection  coefficient  P1S1.  The  solid  line  is 

the  amplitude  and  the  dashed  line  is  tne  phase. 
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Figure  2,17  Iransmission  coefficient  PIP2.  lie  solid  line 

is  the  amplitude  and  the  dashed  line  is  the 
phase . 
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figure  2.18  Transmission  coefficient  P2P  I .  The  solid  line* 

is  the  amplitude  and  the  dashed  line  is  the 
phase. 
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a  P  wave  is  incident  in  medium  1-  Figure  2.17  is  the 
transmission  coefficient  for  a  P  wave  when  a  P  wave  is 
incident  in  medium  1.  Figure  2.18  is  the  P  transmission 
coefficient  when  a  P  wave  is  incident  in  medium  2.  These 
figures  illustrate  only  a  few  of  many  examples  studied.  The 
result  of  these  studies  is  that  the  reflection  and 
transmission  coefficients  are  not  very  sensitive  functions 
of  frequency.  They  are  also  not  very  sensitive  to  small 
changes  in  i  and  are  quite  insensitive  to  small  changes  in 

g- 


The  dispersion  is  very  important  to  the  shape  of  the 
reflected  pulse  and  can  not  be  ignored-  If  the  absorption 
coefficient  is  a  linear  function  of  frequency,  then  the 
dispersion  along  the  ray  can  be  calculated  using  Futterman's 
model  if  the  absorption  is  known  at  only  one  frequency.  The 
absorption  at  the  dominant  frequency  f 1  along  a  ray  can  be 
written  as  exp  (-w  *  t 1  /2q ' )  where  w*  is  the  dominant  angular 
frequency,  t*  is  the  arrival  time  at  the  receiver  for  the 
frequency  f1  and  1/2q'  is  an  averaged  value  of  (Q  2+1)  */2-Q 
along  the  ray.  The  amplitude  due  to  the  absorption  at  any 
angular  frequency  w  can  be  approximated  by 

A  (w)  =  e  xp  (-wt  */2q  * )  .  (2.84) 

Using  equations  1.15  and  2.42  and  assuming  the  rays  all 
travel  the  same  distance  from  the  source  to  the  receiver 
means  that  the  phase  factor  as  a  function  of  frequency  is 
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B(v)  =  exp[-iwt»  (1-ln  (f/f  *)  Aq')  ].  (2.85) 

All  rays  do  cot  travel  exactly  the  same  distance  since  the 
angle  i  is  a  function  of  frequency.  However,  this  angle 
does  not  change  very  much  over  2  or  3  octaves  and  thus  the 


assumption 

is 

quite  good. 

This  makes  it  possible 

to 

calculate 

the 

amplitude  and 

phase  at  all  frequencies 

by 

doing  the 

calculation  of 

absorption  at  the 

domin  ant 

frequency 

f  1 

only.  This 

procedure  accounts 

for 

th  e 

dispersion 

as 

well.  The 

synthetic  seismogram 

in 

the 

frequency  domain  is  given  by 

X  (v)  =  Y  (w»  ) A  (w)B(v)  (2.86) 

where  Y  (w 1 )  includes  the  product  of  the  reflection  and 
transmission  coefficients  and  the  geometric  spreading.  A(w) 
and  B  (w)  are  given  by  equations  2.84  and  2.85. 

In  order  to  examine  the  variation  with  frequency  of  the 
ray  parameter  and  the  spreading  correction  another  model 
experiment  was  done.  A  17  layer  model  was  constructed  by 
blocking  sonic  and  density  logs  obtained  at  a  well  near  Fox 
Creek,  Alberta.  The  Q  structure  of  the  model  was  made  up. 
Table  2.5  lists  the  layer  thicknesses,  velocities,  densities 
and  Q  values  for  this  model.  The  ray  considered  was  a  P 
wave  which  travelled  down  through  the  model  from  the 
surface,  was  reflected  from  the  half  space  and  returned  to 
the  surface.  Table  2.6  gives  the  variation  with  frequency 
of  the  ray  parameter  and  geometric  spreading  factor  of  this 
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ickDess 

(m) 

Velocity 
( m/sec) 

Density 

(gm/cc) 

Q  value 

947.6 

2709 

2.26 

40 

669.3 

3471 

2.  41 

55 

7.9 

2629 

2.  19 

45 

96.6 

3852 

2.44 

55 

9.1 

2839 

1.  94 

45 

8.8 

4251 

2.  57 

60 

6.4 

3347 

2.24 

50 

25.3 

4002 

2.43 

60 

6.4 

2983 

1. 85 

50 

115.8 

4137 

2.  51 

60 

m 

» 

00 

in 

3365 

2.  18 

50 

367.9 

5.  357 

2.65 

75 

6.4 

4328 

2-50 

60 

378.9 

5976 

2.  48 

80 

251.  5 

4535 

2.58 

65 

19.5 

5367 

2.69 

75 

9.1 

4306 

2.  61 

60 

.If  space 

6151 

2.  68 

80 

Table  2.5  17  layer  model  near  Fox  Creek,  Alberta 


115 


Frequency 

(Hz) 

Normalized 

Bay  Parameter 

Normalized 
Spr  eading 

Phase  Error 
(deg  rees) 

Offset  =  469 

meters 

10 

1-  00  77 

1.0034 

0.0034 

20 

1-  0038 

1.0017 

0.0069 

40 

1.0 

1-0 

0.0 

80 

0.  9962 

0.9983 

0. 0275 

160 

0.  9923 

0.9966 

0. 0000 

Offset  =  1073 

me  te  rs 

10 

1.0076 

1.0035 

0. 0069 

20 

1-  00  38 

1  .0018 

0.0206 

40 

1-0 

1.0 

0.0 

80 

0.9962 

0.9982 

0.0549 

160 

0. 9924 

0.9965 

0. 0549 

Offset  =  1676 

meters 

10 

1.0075 

1.0038 

0.0000 

20 

1. 0038 

1.0019 

0..  0137 

40 

1.0 

1  .0 

0.  0 

80 

0.9962 

0.9981 

-.0275 

160 

0-9925 

0.9962 

-.0549 

Table  2-6  Frequency  dependence  of  ray  parameter,  spreading 
and  dispersion  approximation- 
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ray  for  3  offset  distances-  The  ray  parameter  and  spreading 
are  normalized  to  the  values  at  40  Hz.  Also  shown  in  the 
table  is  the  difference  between  the  phase  calculated  as  the 
argument  in  eguation  2-85  and  the  true  phase  calculated  by 
tracing  the  ray  at  the  indicated  frequency-  It  is  clear 
from  this  table  that  the  ray  parameter  and  geometric 
spreading  function  are  not  very  sensitive  to  changes  in 
frequency.  The  approximation  used  to  account  for  the 
dispersion  is  very  good. 

As  a  final  test  on  the  accuracy  of  the  approximations, 
the  amplitude  and  phase  of  the  reflected  P  wave  considered 
for  table  2.6  were  calculated-  Table  2-7  lists  the  ratio  of 
the  approximate  amplitude  to  the  true  amplitude  and  the 
difference  between  the  approximate  and  the  true  phase.  The 
true  amplitude  and  phase  are  obtained  by  tracing  the  ray  and 
evaluating  the  amplitude  at  the  exact  frequency-  The 
approximate  amplitude  and  phase  are  obtained  by  using  the 
approximation  given  by  equation  2.86.  Geometric  spreading 
was  included  in  the  calculation. 

From  table  2.7  it  can  be  concluded  that  the  single 
frequency  approximation  given  by  eguation  2.86  is  quite 
accurate  over  a  frequency  range  of  4  octaves.  Since  each 
ray  is  traced  at  only  one  frequency  and  the  amplitude  is 
calculated  based  on  a  calculation  done  at  only  one 
frequency,  then  this  approximation  does  not  require 
significantly  more  computations  than  a  synthetic  seismogram 
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Offset 


Offset 


Offset 


Table 


Frequency  Amplitude  Ratio  Phase  Error  (deg) 

(Hz)  (approx  to  true)  (approx-true) 


=  469  meters 


10 

1.0047 

0.0017 

20 

1.0030 

0. 0044 

30 

1. 0007 

0.0  140 

40 

1.  0 

0.0 

50 

.  9977 

0.0000 

60 

1.0000 

0.  0000 

80 

1. 0001 

0.0  140 

00 

.  9968 

0.0140 

20 

.  9946 

-.0280 

40 

-9935 

-.0280 

60 

.  9940 

-.  0420 

=  1073  meters 


1  0 

1. 0051 

0.  0061 

20 

1. 0032 

0.0  157 

30 

1.  0008 

0.0420 

40 

1.0 

0.0 

50 

.9977 

0. 0140 

60 

1. 0000 

0.0  140 

80 

1.  0000 

0.0420 

1  00 

.  9966 

0.0560 

120 

.  9943 

0.0000 

140 

.  9933 

-.0  140 

160 

.  9937 

0.0280 

=  1676  meters 


10 

1- 0057 

0.0009 

20 

1.  0036 

0.0105 

30 

1.0009 

0.0140 

40 

1.0 

0.0 

50 

.  9975 

0.0000 

60 

.  9998 

-.0140 

80 

.  9997 

-.0420 

100 

.  9963 

0.  0000 

120 

.  9940 

-.0699 

140 

.  9929 

-.0979 

160 

.9934 

-.0699 

Accuracy 

of  single  frequency 

approximation. 

. 
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without  absorption  or  dispersion.  If  greater  accuracy  is 
required,  it  can  be  obtained  by  tracing  a  ray  at  two 
frequencies  and  calculating  the  spreading  and  the  reflection 
and  transmission  contribution  to  the  amplitude  at  both 
frequencies.  The  equation  for  the  seismogram  in  this  case 
is  written  as 

X  (w)  =  Y  (w)  A  (w)B(w)  (2.87) 

w  here  A(w)  and  B(w)  are  given  by  equations  2.84  and  2.85. 
Y(v)  is  the  complex  function  cf  frequency  which  includes  the 
effects  of  spreading  and  reflections  and  tr ansmissions- 
Y  (w)  is  given  by  the  formula 

Y  (w )  =  Y(w')  [1  ♦  b  In  (  w/w  *)  ]  (2.88) 

where  w'  is  the  dominant  angular  frequency  and  the  constant 
b  is  obtained  by  evaluating  Y  (w)  at  w'  and  at  a  second 
frequency.  The  logarithmic  frequency  dependence  is  used 
since  this  is  the  form  of  the  frequency  dependence  of  the 
velocity,  and  it  is  mainly  this  dependence  which  causes  Y(w) 
to  vary.  Examination  of  table  2.6  and  figures  2.14  to  2.18 
indicates  that  this  is  the  proper  form  of  frequency 
dependence  to  use.  Since  the  ray  is  now  traced  and  the 
amplitude  is  evaluated  at  two  frequencies,  the  computation 
time  with  this  approximation  would  be  twice  that  cf  the 
single  frequency  approximation.  Table  2.8  lists  the  ratio 
of  the  approximate  amplitude  to  the  true  amplitude  and  the 
difference  between  the  approximate  and  the  true  phase  using 
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Frequency 

(Hz) 


Amplitude  Ratio 
(approx  to  true) 


Phase  Error  (deg) 
(approx-true) 


Offset  =  469  meters 


10 

.  9999 

0.0017 

20 

1.0007 

0. 0044 

30 

.  9997 

0.0  140 

40 

1.0 

0.0 

50 

.9985 

0.0000 

60 

1.0014 

0.  0000 

80 

1.  0025 

0.0  140 

100 

.  9999 

0.0140 

120 

.  9983 

-.0280 

140 

.  9978 

-. 0280 

160 

.  9986 

-.0  420 

Offset  =  1073  meters 


10 

.  9999 

0.  0061 

20 

1. 0006 

0.0  157 

30 

.  9997 

0.0420 

40 

1.0 

0.0 

50 

.  9985 

0.  0140 

60 

1. 0015 

0.0  140 

80 

1.  0026 

0.0420 

1  00 

1.0000 

0.0560 

120 

.  9984 

0.  0000 

140 

-  9979 

-.  0  140 

160 

.  9988 

0.0280 

Offset  =  1676  meters 


10 

.9999 

0.0009 

20 

1.  0006 

0.0105 

30 

.  9997 

0.0140 

40 

1.0 

0.  0 

50 

.  9985 

0.0000 

60 

1.  0015 

-.0140 

80 

1.  0026 

-.0420 

100 

1.0002 

0.0000 

120 

.  9986 

-.0699 

140 

.  9981 

-.0979 

160 

.  9992 

-.0699 

Table  2.8  Accuracy  of  two  frequency  approximation 
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this  two  frequency  approximation.  The  ray  used  in 
calculating  table  2.  8  is  the  same  as  that  for  table  2.7.  It 
is  quite  apparent  that  this  approximation  gives  excellent 
accuracy . 

As  a  final  comparison,  a  P  wave,  primaries  only 
synthetic  seismogram  was  calculated  for  the  model  listed  in 
table  2.5.  The  calculation  was  done  at  offset  distances  of 
469  and  1676  meters.  The  calculation  was  done  using  the 
single  frequency  approximation  of  equation  2.86,  the  two 
frequency  approximation  of  equation  2.87,  and  exactly, 
figure  2-19  shows  the  comparisons  of  the  three  methods. 
Geometric  spreading  was  not  included  in  the  calculation  and 
a  20  to  80  Hz  zero  phase  Eutterworth  band  pass  filter  was 
applied  tc  all  traces.  The  dominant  frequency  used  was  40 
Hz  and  for  the  two  frequency  method  the  second  frequency  was 
80  Hz.  The  exact  synthetic  was  calculated  at  all 
frequencies  between  10  and  160  Hz.  All  seismograms 
consisted  cf  1024  points  with  a  sample  interval  of  2  msec. 
The  CPU  times  required  to  calculate  each  trace  were  measured 
on  an  Amdahl  470  V7  computer  at  the  University  of  Alberta 
and  were  .54  sec  for  the  single  frequency  method,  .67  sec 
for  the  two  frequency  method  and  41.0  sec  for  the  exact 
method.  It  is  apparent  that  there  is  hardly  any  detectable 
difference  between  the  three  methods.  As  a  final  comparison 
figure  2.20  compares  the  exact  traces  from  figure  2.19  to 
synthetic  traces  calculated  at  the  same  offsets  with  no 
absorption  or  dispersion.  The  same  20  to  80  Hz  bandpass 
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Figure  2, 19 


Comparison 

absorption 


of  3  ray  methods  for  including 
in  synthetic  seismograms. 
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figure  2.20 


Comparison  of  synthetic  seismograms  witn  and 
without  absorption. 
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filter  was  used  and  spreading  was  not  included  in  the 
calculation  of  these  traces. 

In  conclusion  it  can  be  said  that  the  calculation  of 
ray  synthetic  seismograms  which  include  the  effects  of 
absorption  and  dispersion  can  be  done  very  accurately 
without  greatly  increasing  the  cost  due  to  the  inclusion  of 
the  absorption  and  dispersion.  This  conclusion  has  only 
been  demonstrated  for  seismograms  including  reflections  and 
refractions  at  less  than  the  critical  angle  and  not  for 
calculations  involving  head  waves.  However,  it  seems 
apparent  that  the  theory  for  head  waves  could  be  modified 
following  the  same  procedure  as  for  the  case  of  reflections 
and  refractions. 


3.  THE  SPECTRAL  RATIO  METHOD 


3. 1  Introduction 

In  this  thesis  absorption  will  be  measured  using  the 
spectral  ratio  method.  If  Ff  (v)  is  the  complex  Fourier 
spectrum  of  a  pulse  which  has  travelled  a  distance  z*  from 
the  source  and  F'*  (w)  is  the  complex  Fourier  spectrum  of  a 
pulse  which  has  travelled  a  distance  zn  in  the  same  medium, 
then  from  equation  2.3 

F"  (w )  =  F •  ( w)  exp[  -iK  (zM-z  *)  ]  (3.1) 

where  K  is  the  complex  wave  number  given  by  equation  1.22. 
From  equations  3.1  and  1.22 

In  [  | F" (w ) | /! F  * (w) |  ]  =  -a (z"-z  * )  (3.2) 

where  "a”  is  the  absorption  coefficient  which  is  given  by 
equation  2.8.  Also  from  equations  3.1  and  1.22 

c(w)  = _ -w  (z  M-z  1 ) _  (3.3) 

Arg {F« (w)} - Arg  (F  *  (w)  } 

where  Arg  indicates  the  argument  (phase)  of  the  complex 
quantity  in  the  brackets. 

Equations  3.2  and  3.3  define  the  spectral  ratio  method. 
Equation  3.2  indicates  that  a  plot  of  the  natural  logarithm 
of  the  ratio  of  the  amplitude  spectra  from  two  distances 
against  freguency  can  be  used  to  determine  the  nature  of  the 
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frequency  dependence  cf  the  absorption  coefficient.  If  the 
absorption  coefficient  is  a  linear  function  of  frequency 
then  this  plot  will  be  a  straight  line  with  slope  m.  In 
this  case  from  equations  3.2  and  2.9 

q  =  -  7r  (zM-z  1 )  /cm.  (3-4) 

Note  that  equation  3.4  is  approximate  and  would  only  be 
exact  if  Q  was  replaced  by  Q'  of  equation  2.41.  For  large 
Q,  Q1  and  Q  are  approximately  egual.  Equation  3.3  indicates 
that  the  dispersion  curve  can  be  calculated  from  the 
difference  of  the  phase  spectra  at  the  two  distances. 

Strictly  speaking,  the  spectral  ratio  method  as  defined 
by  equations  3.2  and  3.3  is  only  exact  for  a  wave  travelling 
in  an  infinite  medium.  The  presence  of  layering,  which 
causes  reflection  and  transmission  effects,  affects  the 
validity  of  these  equations.  This  is  a  topic  which  is 
discussed  in  a  later  section  of  this  chapter.  Also,  in  a 
three  dimensional  medium  K  is  a  vector  given  by  equation 
2-60  and  "a"  in  equation  3.2  is  replaced  by  lA|cos(g)  where 
| A  |  is  given  by  equation  2.65.  In  this  case  equation  3.4  is 
only  exact  if  Q  is  replaced  by  Q"  where 

Q"  =  [  (Q2+1/cos2g)i/2  +  q]  /  2-  (3.5) 

Again  for  large  Q,  Q"  is  approximately  equal  to  Q. 

In  order  to  apply  the  spectral  ratio  method  it  is 
necessary  to  obtain  a  spectral  estimate  from  the  data.  The 
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problem  of  spectral  estimation  is  a  classical  one  which  has 
been  discussed  in  detail  by  many  authors  (see  for  instance 
chapter  9  of  Kanasewich,  1  975).  The  method  of  spectral 
estimation  used  in  this  thesis  is  based  on  a  smoothed 
Fourier  estimate.  The  choice  of  this  spectral  estimate  over 
several  other  estimation  techniques  was  based  on  a  series  of 
model  studies  which  will  be  described  briefly  in  this 
chapter. 

Spectral  analysis  methods  can  be  divided  into  three 
broad  classes,  each  of  which  assumes  a  different  model  for 
the  data.  These  models  are  the  moving  average  or  MA  model, 
the  autoregressive  or  AR  model,  and  the  mixed  autoregressive 
moving  average  or  ARMA  model.  A  fourth  type  of  model  which 
would  fall  into  the  third  class  of  models  is  the 
autoregressive  integrated  moving  average  model  or  AR IMA 
model.  These  models  are  discussed  in  detail  in  Box  and 
Jenkins  (1970). 


3.2  MA  Spect ral  Estimation 

The  MA  model  of  a  process  is  given  in  terms  of  z 
transforms  as 

X  (z)  =  A(z,g)Z(z)  (3.6) 

where  X(z)  is  the  z  transform  of  the  MA  time  series,  Z  (z)  is 
the  input  process,  and  A  (z,g)  is  the  z  transform  of  a 
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polynomial  of  order  g  given  by 

A(z,q)  =  1  +  a(1)z  ♦  a(2)z2  ♦  ...  +  a(q)zq.  (3.7) 

The  order  of  the  HA  process  given  by  equation  3.6  is  g. 
This  process  is  t he  familiar  convolutional  model. 

A  seismogram  may  be  visualized  as  a  series  of  spikes 
(reflection  coefficients)  convolved  with  a  wavelet.  In 
terms  of  the  MA  model  the  z  transform  of  the  spikes  is  Z  (z) 
and  the  z  transform  of  the  wavelet  is  A(z,g).  X  (z)  is  the  z 
transform  of  the  seismogram.  Of  course  A(z,q)  changes  with 

time  because  of  the  absorption.  If  a  seismogram  has  been 

recorded  at  some  point  that  signal  is  just  A(z,g) 
(neglecting  for  now  the  effect  of  interfering  reflections 
which  will  be  discussed  in  a  later  section)  .  The  spectral 
estimate  of  that  signal  is  obtained  by  evaluating  A  (z,g)  on 
the  unit  circle  given  by  z=exp  (-iw)  where  w  is  the  angular 
frequency.  This  evaluation  on  the  unit  circle  is  nothing 
more  than  a  Fourier  transform  and  so  it  can  be  concluded 

that  a  Fourier  spectral  estimate  is  the  correct  estimate  to 

use  in  the  spectral  ratio  method  of  measuring  Q 

There  are  many  Fourier  spectral  estimation  techniques 
available.  Several  of  these  classical  estimates  are 
discussed  by  Blackman  and  Tukey,  1  959.  Rather  than  use  the 
transform  of  a  weighted  version  of  an  estimate  of  the 
autocovariance  function,  it  is  computationally  easier  to 
transform  the  recorded  pulse  directly  to  obtain  the 


. 
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periodogram.  The  procedure  which  is  used  in  this  thesis  is 
to  taper  the  ends  of  the  data  with  a  cosine  bell  (page  98  of 
Kanasewich,  1975)  and  then  to  apply  an  FFT  (fast  fourier 
transform)  to  the  tapered  series.  The  complex  transform  is 
then  smoothed  by  averaging  over  several  adjoining 
frequencies  centred  about  the  desired  frequency.  This 
smoothing  is  identical  to  the  procedure  described  by 
Kanasewich,  1975  for  a  Daniell  spectral  estimate,  except 
that  for  the  Daniell  estimate  it  is  the  power  that  is 
averaged- 

In  order  to  test  this  method  a  simple  model  consisting 
of  two  traces  was  considered.  The  first  synthetic  trace  was 
at  a  distance  of  200  meters  from  the  source  and  the  second 
was  at  a  distance  of  400  meters  in  the  same  medium.  The 
medium  had  a  velocity  cf  4  km/sec,  a  density  of  2.5  gm/cc 
and  a  Q  of  25.  The  velocity  and  £  values  apply  at  100  Ez 
and  the  sample  interval  was  1  msec-  To  further  test  this 
method,  random  noise  was  added  to  the  data.  Figure  3.1 
shows  this  data.  The  top  two  traces  are  the  data  with  no 
noise  and  the  bottom  two  traces  are  the  same  data  with  25% 
random  noise  added. 

The  complex  spectra  for  the  two  distances  were 
calculated  using  the  method  outlined  above.  The  window 
length  was  50  msec  and  3  data  points  at  each  end  of  the 
window  were  weighted  with  the  cosine  bell  taper.  Zeroes 
were  then  added  to  bring  the  window  length  for  the  FFT  to 
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Pigure  3.1  Iraces  used  in  testing  spectral  ratio  method. 
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1  024  points.  This  leads  to  better  frequency  resolution  and 
does  not  cause  any  significant  errors  since  the  data  is 
essentially  zero  outside  the  analysis  window.  After  the 
FFT,  the  smoothing  was  done  over  a  window  which  was  10  Hz 

wide.  The  natural  logarithm  of  the  ratio  of  the  amplitude 

spectra  was  calculated  and  plotted  against  frequency.  The 
phase  velocity  was  calculated  using  equation  3.3  and  plotted 
against  frequency.  Note  that  in  using  equation  3.3  it  is 
necessary  to  ’'unwrap"  the  phase  curve.  This  is  done  by 
first  removing  a  linear  trend,  which  represents  a  static 
time  shift  of  one  of  the  analysis  windows,  from  the  phase 

curve  and  then  by  detecting  large  jumps  in  the  curve  (for 

example  -170°  to  170°)  and  correcting  these  (changing  170° 
to  -190°).  The  linear  trend  which  was  removed  is  then  added 
back  to  the  phase  curve.  In  addition,  a  further  linear 
trend  representing  a  static  time  difference  equal  to  the 
time  between  the  start  of  the  two  analysis  windows  is  added 

to  the  phase  curve.  This  ensures  that  the  phase  for  both 

/ 

windows  is  calculated  relative  to  the  same  point  in  time. 

Figure  3.2  shows  the  plcts  of  the  natural  logarithm  of 
the  amplitude  spectral  ratio  versus  frequency  and  of  the 
phase  velocity  versus  frequency  using  this  method  of 
spectral  estimation  for  the  noise-free  traces  from  figure 
3.1.  The  x's  are  the  calculated  values  and  the  solid  lines 
are  the  theoretically  correct  values.  For  clarity,  only, 
every  fourth  point  is  plotted.  Note  that  the  effect  of  the 
cosine  taper  causes  a  slight  error  in  the  slope  of  the 
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Figure  3.2 


Smoothed  Fourier  spectral  ratio  plot  and 
dispersion  curve  for  noise-free  test  example. 


■ 


132 


spectral  ratio  plot-  The  cosine  taper  is  applied  to  avoid 
sharp  discontinuites  at  the  ends  of  the  data;  however,  for 
this  simple  example  there  is  no  such  discontinuity  and  so 
the  taper  was  not  necessary.  It  was  used  for  this  simple 
example  since  it  will  be  used  for  real  data.  The  dispersion 
curve  for  this  example  is  exact.  Figure  3,3  shows  plots  for 
the  same  data  except  that  this  time  no  cosine  taper  and  no 
spectral  smoothing  were  applied  in  calculating  the  spectral 
estimates.  for  this  noise- free  example  the  spectral  ratio 
and  dispersion  curve  are  exact.  Figures  3,4  and  3.5  are  the 
same  as  figures  3.2  and  3.3  respectively,  except  that  the 
analysis  has  been  done  on  the  traces  with  the  added  random 
noise.  Comparison  of  these  figures  indicates  that  there  is 
less  scatter  on  the  data  derived  from  the  weighted,  smoothed 
spectral  estimates.  Note  that  the  noise  has  caused  a  fair 
amount  of  scatter.  This  scatter  is  worst  at  high 
frequencies  because  the  signal  amplitude  is  lower  there, 
while  the  noise  amplitude  is  constant  at  all  frequencies. 
Figure  3.6  is  the  same  as  figure  3.2  except  that  the 
smoothing  was  applied  to  the  amplitude  spectrum  and  the 
phase  spectrum  rather  than  the  complex  Fourier  coef f icients . 
Note  that  there  is  no  apparent  difference  between  the  two 
methods.  The  method  of  smoothing  the  complex  Fourier 
coefficients  is  preferred  because  it  is  computationally 
easier  due  to  problems  associated  with  unwrapping  the  phase 
curve  prior  to  smoothing. 
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Figure  3.3  Unsmoothed  Fourier  spectral  ratio  plot  and 

dispersion  curve  for  noise-tree  test  example. 
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Figure  3.4 


Smoothed  Fourier  spectral  ratio  plot  and 
dispersion  curve  for  noise-added  test  example. 
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F igure  3. 5 


Onsmoothed  Fourier  spectral  ratio  plot  and 
dispersion  curve  for  noise-added  test  example. 
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figure  3.6 


Amplitude  and  phase  smoothed  Fourier  spectral 
ratio  plot  and  dispersion  curve  for  noise-added 
test  example. 
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In  conclusion  it  can  be  said  that  all  of  the  Fourier 
spectral  estimates  give  satisfactory  spectral  ratio  plots 
and  satisfactory  estimates  of  the  phase  velocity. 


3.3  AR  Spectral  Estimates 

The  AR  model  of  a  process  of  order  p  is  given  by 

X  (z)  =  Z(z)/B(z,p)  (3.8) 

where  X(z)  is  the  z  transform  of  the  AR  process,  Z(z)  is  the 
input  to  the  process  and  B(z,p)  is  the  z  transform  of  a 
polynomial  of  order  p  given  by 

B  (z  ,p)  =  1  +  b(1)z  +  b(2)z2  +  ...  +b(p)  zp.  (3.9) 

If  Z  (z)  is  random  uncorrelated  noise  with  zero  mean  and 
variance  s2  then  the  AR  estimate  of  the  power  spectrum  of 
X(z)  is  given  by 

I  X  (w)  |  2  =  s2/  |  B  (w)  |  2  (3.  10) 

where  |B(w)|  is  obtained  by  evaluating  B(z,p)  on  the  unit 
circle.  Thus,  AR  spectral  estimatation  consists  of  fitting 
an  AR  model  as  given  by  equation  3.8  to  the  given  data  and 
evalutating  the  spectrum  using  equation  3.10.  In  fitting 
the  model  it  is  necessary  to  estimate  the  coefficients  b(i) 
and  the  order  p  of  the  model  from  the  input  data. 


If  the  autocovariance  of  the  input  process  is  known  or 
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can  be  well  estimated,  then  the  coefficients  b(i)  can  be 
calculated  by  solving  the  Yule-Walker  equations  (pp  55  of 
Box  and  Jenkins,  1  970).  These  equations  are  identical  to 
the  single  channel  Wiener  filter  equations  for  a  unit 
prediction  filter  and  could  be  easily  solved  using  the 
recursive  approach  of  Levinson  (1947). 

Another  method  of  estimating  these  coefficients  has 
been  proposed  by  Burg  (  1967).  This  method  requires  no 
a  priori  knowledge  of  the  autocovariance.  The  Burg  method 
of  fitting  an  AS  model  to  the  data  leads  to  what  has  become 
known  as  the  maximum  entropy  method  or  MEM  spectrum  as  was 
pointed  out  by  Van  den  Bos  (1971).  The  details  of 
calculating  the  MEM  spectral  estimate  have  been  discussed  in 
detail  in  Abies  (1974),  Chen  and  Stegen  (1974),  Ulrych  and 
Bishop  (1  975)  or  chapter  16  of  Kanasewich  (1975).  The  basis 
of  the  algorithm  is  that  successively  higher  order  unit 
prediction  error  operators  (see  for  example  Peacock  and 
Treitel,  1969)  are  fit  to  the  data.  These  operators  are 
calculated  in  such  a  way  that  the  average  of  the  prediction 
error  power  when  the  filter  is  run  both  forwards  and 
backwards  over  the  data  is  a  minimum.  In  running  the  filter 
over  the  data  in  either  direction,  the  filter  is  not  allowed 
to  run  off  the  data.  This  average  power  is  minimized  with 
respect  to  the  coefficient  b  (p)  for  successively  increasing 
values  of  p  and  all  calculations  are  done  recursively  (see 
Andersen,  1974)  . 
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A  second  problem  to  be  solved  in  the  AR  spectral 
analysis  method  is  that  of  estimating  the  order  p  of  the  AR 
model.  The  simplest  order  estimation  technique  involves  the 
magnitude  of  the  coefficient  b{p).  This  coefficient  is 
referred  to  as  the  partial  autocorrelation  function  (Box  and 
Jenkins,  1970,  pp  65)-  When  successively  higher  orders  of 
AR  model  are  fit  to  the  data,  this  function  will  be  non-zero 
for  orders  less  than  or  equal  to  the  true  order  of  the 
process  and  zero  for  orders  greater  than  the  true  order. 
Thus  if  the  maginitude  of  the  estimate  of  b(p)  is  monitored 
for  increasing  p,  it  may  indicate  the  correct  value  of  p.  A 
more  sophisticated  estimation  criterion  has  been  suggested 
by  Akaike  (1969a,  1969b,  1970)  and  is  referred  to  as  the 

final  prediction  error  or  FPE.  The  FPE  is  given  by 

FPE(p)  =  n+p+1  P(p)  (3-11) 

n-p- 1 

where  n  is  the  number  of  samples  of  the  time  series  used  to 
fit  the  model,  p  is  the  order  of  the  model  fitted  and  P(p) 
is  the  prediction  error  power  for  order  p.  This  problem  of 
order  estimation  has  not  been  solved  and  more  recent 
criteria  have  been  suggested  as  improvements  by  Akaike 
(1976)  and  Parzen  (1  976). 

The  dEM  spectral  analysis  method  has  been  widely 
studied  and  compared  to  MA  methods  (Lacoss,  1971,  Ulrych, 
1972,  Smylie  and  Ulrych,  1973,  Abies,  1974,  Chen  and  Stegen, 
1974  and  Fougere,  1977).  In  general  these  comparisons  have 
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focussed  on  sharpness  of  spectral  peaks  in  defining 
resolution.  In  this  respect  the  MEM  method  has  been  claimed 
to  be  a  superior  spectral  analysis  method.  Treitel  et  al 
(1977)  emphasize  the  very  important  point  that  these 
comparisons  are  not  very  meaningful  unless  the  nature  of  the 
process  producing  the  data  is  known.  Only  when  the  process 
is  known  can  a  particular  spectral  estimation  method  be  said 
to  be  superior.  Another  point  that  also  must  be  made  is 
that  comparisons  of  MEM  and  Fourier  spectra  have  often  been 
made  on  truncated  sinusoids  in  the  presence  of  random  noise. 
Ulrych  and  Clayton  (1976)  have  shown  that  such  a  process  is 
an  AREA  process  and  thus  neither  the  MEM  nor  the  Fourier 
spectra  is  correct.  In  fact  this  is  an  ARMA  process  which 
has  poles  and  zeroes  on  the  unit  circle. 

A  relative  to  the  MEM  spectral  estimate  is  the  maximum 
likelihood  method  or  MLM  spectral  estimate  (Capon,  1969, 
Lacoss,  1971).  Burg  (1972)  has  shown  that  the  reciprocal  of 
the  MLM  spectrum  is  just  the  average  of  the  reciprocals  of 
the  MEM  spectra  for  all  orders  from  1  to  n-1  where  n  is  the 
length  of  the  series  being  analyzed. 

Both  the  MEM  and  MLM  methods  give  estimates  of  the 
power  spectrum  and  not  the  amplitude  spectrum.  However  the 
latter  is  the  square  root  of  the  former  and  so  can  be  easily 
calculated.  Figure  3.7  shows  the  plots  of  the  logarithm  of 
the  amplitude  spectral  ratio  against  frequency  for  the 
noise-free  and  noise-added  traces  of  figure  3.1.  The 
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Figure  3 . 7 


MEM  spectral  ratio  plots  for  noise-free  and 
noise-added  test  examples. 
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noise-free  example  is  cn  the  top  and  the  noise-added  example 
is  on  the  bottom.  The  analysis  window  length  was  50  samples 
and  the  order  used  for  the  AR  process  was  17.  This  order 
was  determined  using  the  FPE  criterion.  From  the  figure  it 
is  clear  that  the  MEM  spectral  estimate  gives  a  much  poorer 
spectral  ratio  then  the  Fourier  methods.  Figure  3.8  is  the 
same  as  figure  3.7  except  that  the  M1M  method  was  used  for 
the  spectral  estimate.  Clearly  the  MLM  method  gives  a  very 
unsatisfactory  spectral  ratio. 


3.  4  ARMA  Spectra  1  Estimates 

The  ARMA  model  of  a  process  of  AR  order  p  and  MA  order 
g  is  given  by 

X(z)  =  Z  (z)  A(z,q)/B(z,p)  (3.12) 

where  X(z)  is  the  z  transform  of  the  ARMA(p,q)  process,  Z  (z) 
is  the  z  transform  of  the  input  and  A(z,g)  and  B(z,p)  are  z 
polynomials  of  orders  g  and  p  respectively  as  given  by 
equations  3.7  and  3.9.  If  Z  (z)  is  random  noise  of  zero  mean 
and  variance  s2  then  the  ARMA  spectral  estimate  is 

I  X(v)  J  2  =  s2  |  A  ( w)  |2/ |B  (w)  I2  (3.13) 

where  |A  (w)  |  and  |B(w)|  are  obtained  by  evaluating  A(z,q) 
and  B(z,p)  on  the  unit  circle.  Fitting  ARMA  models  to  the 
data  requires  estimates  of  all  coefficients  a  (i)  and  b(i) 
and  also  of  the  orders  p  and  g.  Techniques  for  this 
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iigure  3.8  ELM  spectral  ratio  plots  for  noise-free  and 

noise-added  test  examples. 
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estimation  are  given  in  Box  and  Jenkins  (1  970)  and  involve  a 
great  deal  of  iterating  and  estimating  of  orders,  Treitel 
et  al  (  1977)  propose  an  iterative  algorithm  for  ARM  model 
estimating  which  requires  an  estimate  of  p  and  q  and  of 
A  (z,q)  . 

It  was  pointed  out  in  a  previous  section  that  the 
proper  spectral  estimation  technique  depends  on  the  model  of 
the  process.  It  has  also  been  pointed  out  that  the 
absorption  process  is  essentially  a  moving  average  process 
if  interfering  reflections  are  ignored.  The  effects  of  such 
reflections  are  discussed  in  detail  in  the  next  section  and 
it  will  be  shown  that  if  the  proper  corrections  are  made  the 
absorption  is  essentially  a  moving  average  process  in  this 
case  as  well.  As  a  result  of  these  facts  and  the 
uncertainties  involved  in  computing  AEMA  estimates,  this 
analysis  procedure  has  not  been  tested  in  this  thesis. 


3.5  Effect  of  Reflections  on  the  Spectral  Ratio  Method 

A  reflection  seismogram  or  a  seismogram  recorded  within 
a  series  of  homogeneous  layers  can  be  represented  using  the 
one  dimensional  plane  wave  model  by  an  ARMA  process  if 
absorption  is  ignored  (see  for  instance  Treitel  and 
Robinson,  1  966).  In  this  case  the  elastic  (no  absorption) 
seismogram  Y  (z)  is 


Y(z)  =  A(z)/B(z) 


0-14) 


. 
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where  A  and  B  are  z  polynomials.  A  particular  wavelet  can 
be  associated  with  each  arrival  in  Y  (z)  .  This  particular 
wavelet  can  be  written  as  a  z  transform.  Since  the 

absorption  is  different  along  different  ray  paths,  the 

wavelet  is  not  the  same  for  each  arrival. 

Consider  two  seismograms  recorded  at  different  depths 
in  a  layered  medium.  The  first  seismogram  is  given  by 

X  *  (z)  =  W  (z)  A*  (z)/B  '  (z)  =  »'(z)Y»(z)  (3.15) 

where  W'  (z)  is  a  wavelet  which  includes  the  effects  of  the 

absorption  and  dispersion.  R*(z)  has  been  treated  as  a 
constant  wavelet  which  is  not  strictly  correct;  however,  it 
is  assumed  that  X*  (z)  is  short  enough  in  time  that  the 
change  in  the  wavelet  associated  with  different  arrivals  in 
X*  (z)  is  negligible.  In  order  to  examine  this  assumption  in 
detail  consider  a  simple  example  where  the  receiver  is 
located  a  distance  d/2  above  a  single  interface  in  a  half 
space.  The  recorded  seismogram  is  given  in  the  frequency 
domain  by 

X  1  (w  )  =  W  *  (w)  [  1  +  Rexp(-iwd/c-ad)  ]  (3.  1  6) 

where  W*  (w)  is  the  Fourier  transform  of  the  wavelet  W*  (z ) 
which  has  been  identified  with  the  direct  arrival  at  the 
receiver  and  R  is  the  reflection  coefficient  of  the 
interface.  The  elastic  seismogram  is  given  in  the  frequency 
domain  by 
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Y'(w)  =  1*r '  exp  (-iwd/c  * )  (3.17) 

where  r'  is  the  reflection  coefficient  and  c*  is  the  phase 
velocity.  Equation  3.16  can  be  written  as 

X  •  (w)  =  V*  (w)  Y*  (w)  (3.  18) 


where 


V*  (w)  =  W  (w)  1  +Re xp  (- iwd/c-ad ) .  (3.19) 

1+r 'exp (-iwd/c* ) 

Examination  of  equation  3. 19  reveals  that  in  this  case  the 
assumption  that  W*  (w)  is  a  constant  involves  ignoring  the 
frequency  dependence  of  the  reflection  coefficient  caused  by 
the  absorption,  the  absorption  alcng  the  reflection  path 
(distance  d)  ,  and  the  phase  change  associated  with  the 
dispersion  along  the  reflection  path.  If  Y*(z)  contains 
many  reflections  and  multiples,  the  assumption  that  W*  (z)  is 
constant  involves  these  same  assumptions  about  all 
reflections  and  multiples  which  are  included  in  Y'  (z).  It 
was  shown  in  the  previous  chapter  that  the  reflection 
coefficient  is  quite  constant  over  2  or  3  octaves  and  the 
phase  change  associated  with  the  reflection  is  small. 
Therefore  the  assumption  that  W*  (z)  is  a  constant  involves 
assuming  that  the  absorption  and  dispersion  along  all 
reflection  and  multiple  paths  within  the  time  window  of 
interest  are  negligible.  Returning  to  the  example  of  two 
seismograms  at  different  depths,  the  seismogram  at  the 
second  depth  is  written  as 
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X"  (z)  =  W"  (z)  A"(z)/B"  (z)  =  tf n  (z)  Yu  ( z)  (3-20) 

where  W"(z)  is  the  wavelet  associated  with  the  direct 
arrival  at  the  second  depth  and  includes  the  absorption  and 
dispersion  between  this  depth  and  the  source.  The 
assumption  that  W"  (z)  is  a  constant  over  the  analysis  window 
involves  the  same  assumption  that  the  absorption  and 
dispersion  along  the  reflection  and  multiple  paths  within 
the  window  are  negligible. 

In  order  to  measure  the  absorption  between  the  two 
receivers  it  is  necessary  to  calculate  the  logarithm  of  the 
ratio  of  the  amplitude  spectra  of  W"  (z)  and  W*(z).  From 
equations  3.15  and  3.20 

=  i£!lwU_lXLiSll.  (3.21) 

I  w  •  (w)  i  IX*  (w)  I  |Y"(w)  | 

This  equation  states  that  it  is  possible  to  measure  the 
absorption  between  two  receivers  in  the  presence  of  other 
interfering  reflections  and  multiples.  It  is  necessary  to 
know  the  velocity  and  density  structure  so  that  synthetic 
seismograms  without  absorption  can  be  calculated  to  use  as  a 
correction  term  (namely  the  spectral  ratio  \ Y  1  (w )  | / 1  Y"  (w)  | )  - 
Equation  3.21  is  only  valid  as  long  as  W'(z)  and  W”  (z)  can 
be  treated  as  constant  wavelets  within  the  analysis  windows. 
This  is  true  if  the  absorption  and  dispersion  are  negligible 
along  the  raypaths  of  the  interfering  reflections.  It  is 
now  apparent  that  negligible  means  negligible  with  respect 
to  the  absorption  and  dispersion  between  the  two  receivers. 


■ 
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The  implication  of  this  is  that  the  receivers  mast  be  widely 
separated  relative  to  the  distance  travelled  by  any 
reflections  or  multiples  which  are  also  present  within  the 
time  limits  of  the  analysis  windows.  In  a  similar  manner  it 
can  be  shown  that 

Arg(W») -Arg(W«)  =  Arg(X")  -Arg(X*)  +Arg(Y*)  -Arg(Y")  (3.22) 

where  Arg  indicates  the  phase  of  the  complex  function.  In 
applying  equation  3.22  the  correction  phases  {Arg(Y')  and 
Arg(Y"))  are  referenced  to  the  theoretical  arrival  times  of 
the  direct  wave  at  each  depth.  There  is  some  error 
introduced  by  the  velocity  c1  of  equation  3.17  since  this 
velocity  is  the  velocity  in  the  absence  of  absorption  and 
dispersion.  In  practice  this  velocity  is  identified  with  a 
reference  frequency  at  which  the  velocity  and  Q  are  to  be 
measured.  This  is  usually  chosen  as  a  frequency  near  the 
upper  limit  of  the  frequency  band  width  of  the  pulse.  This 
velocity  can  be  approximated  by  measuring  the  first  arrival 
times  and  using  them  to  correct  the  integrated  velocity  log. 
Errors  that  this  uncertanty  in  c*  introduces  are  not  very 
large.  Equation  3.22  states  that  the  dispersion  can  also  be 
measured  in  the  presence  of  other  reflections  if  the 
information  is  available  to  calculate  the  correction  terms. 
Again,  the  receivers  must  be  widely  separated  relative  to 
the  distance  travelled  by  the  interfering  reflections. 

In  the  preceding  discussion  it  has  been  assumed  that 
the  two  traces  were  recorded  at  different  distances  from  the 
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source-  If  a  single  reflection  seismogram  is  recorded,  X*  (z) 
and  X"  (z)  would  apply  to  different  reflections  at  different 
times.  The  corrections  given  by  equations  3.21  and  3.22  are 
still  valid  and  the  requirement  of  widely  separated  depths 
implies  that  the  reflections  must  be  widely  separated  in 
time  relative  to  the  analysis  window  lengths.  In  addition, 
if  a  different  source  was  used  for  the  two  records,  then  a 
correction  must  be  made  for  the  source  difference.  In  a 
practical  experiment  this  correction  could  be  obtained  from 
a  reference  seismogram  recorded  in  the  same  position 
relative  tc  the  two  sources. 

A  simple  model  study  illustrates  the  effect  of  this 
correction.  The  model  used  consists  of  three  layers  over  a 
half  space  as  shown  in  figure  3.9.  The  source  is  at  the 
surface  and  traces  are  calculated  at  depths  of  265,  585  and 
615  meters.  The  velocities,  densities,  Q  values  and  layer 
thicknesses  are  given  in  the  figure  and  apply  at  a  frequency 
of  100  Hz.  The  top  traces  in  figure  3.10  show  the  synthetic 
traces  which  include  the  effects  of  absorption  and 
dispersion  at  the  3  depths  indicated  for  the  model  in  figure 
3.9.  The  bottom  traces  are  the  synthetic  traces  calculated 
without  including  the  effects  of  absorption.  The  bottom 
traces  will  be  used  in  calculating  the  correction  to  be 
applied  for  the  effects  of  other  reflections.  These 
synthetic  traces  were  calculated  using  the  vertical 
incidence,  plane  wave  synthetic  program  described  in  chapter 
2.  A  250  Hz  non-zero-phase  low  pass  Butterworth  filter  was 
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figure  3.9  Simple  model  used  in  illustrating  the  correction 

for  reflections  and  multiples. 
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Figure  3.10 


Synthetic  traces  with  and  without  absorption 
for  model  in  the  figure  3.9. 


applied  to  all  traces  in  figure  3.  10  and  the  source  was  a 
spike.  From  this  figure  it  is  apparent  that  there  are 
reflections  interfering  with  the  direct  arrivals  at  each 
depth,  especially  at  615  meters.  Figure  3.11  shows  the 
spectral  ratio  and  dispersion  curve  calculated  for  the  pair 
of  traces  at  285  and  615  meters  from  figure  3.10  when  no 
correction  was  made  for  the  effects  of  other  reflections.  A 
50  msec  analysis  window  was  used  and  zeroes  were  added  to 
bring  the  window  length  to  1  024  samples  for  the  FFT.  Three 
points  at  each  end  of  the  window  were  weighted  with  the 
cosine  bell  and  the  complex  Fourier  coefficients  were 
smoothed  over  a  10  Hz  wide  window.  The  sample  interval  of 
the  data  was  one  msec.  The  x's  are  the  data  values  and  the 
solid  curves  are  the  theoretically  correct  values.  For 
clarity  only  every  fourth  point  is  shown  in  the  figure  - 
Note  the  interference  pattern  in  the  measured  spectral  ratio 
and  dispersion  curve  due  to  the  constructive  and  destructive 
interference  of  the  interfering  reflections.  Figure  3-12  is 
the  same  as  figure  3.11  except  that  the  correction  given  by 
equations  3.21  and  3-22  has  been  applied  to  the  data.  Note 
that  the  interference  pattern  is  no  longer  present  and  a 
very  acceptable  fit  to  the  theoretically  correct  values  has 
been  obtained.  At  higher  frequencies  where  the  absorption 
is  greater  along  the  reflection  paths,  the  correction,  which 
neglects  this  absorption  entirely,  is  not  as  good.  The 
effects  of  the  reflections  are  not  as  well  corrected  at  high 
frequencies  as  at  low  frequencies.  Figures  3.13  and  3.14 
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Figure  3.  I  I 


Uncorrected  spectral  ratio  and  dispersion  curve 
for  the  synthetic  traces  at  285  and  615  meters. 
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Figure  3.12 


Corrected  spectral  ratio  and  dispersion  curve 
for  the  synthetic  traces  at  285  and  615  meters. 
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Figure  3.  13 


Uncorrected  spectral  ratio  and  dispersion  curve 
for  the  synthetic  traces  at  585  and  615  meters. 
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figure  3.14 


Corrected  spectral  ratio  and  dispersion  curve 
for  the  synthetic  traces  at  585  and  615  aeters. 
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are  the  same  as  figures  3-11  and  3-12  respectively  except 
that  the  pair  of  traces  used  was  for  depths  of  585  and  615 
meters.  In  this  case  the  absorption  along  the  reflection 
paths  is  not  negligible  in  respect  to  the  absorption  between 
the  receivers.  As  a  result  the  correction  is  not  as 
effective  as  in  the  previous  figure;  however,  it  does 
improve  the  data.  The  large  error  in  velocity  determination 
at  low  frequency  in  figure  3.13  is  a  result  of  the  fact  that 
a  small  error  in  phase  at  low  frequencies  leads  to  a  large 
error  in  the  calculated  velocity,  particularly  when  the 
calculation  is  over  a  short  distance.  The  spectral  ratio 
curve  and  dispersion  curve  of  the  uncorrected  data  are 
unacceptable  in  this  case.  The  correction  has  made  an 
improvement  but  the  corrected  results  are  still  not  good. 
This  is  because  the  receivers  are  too  close  in  relation  to 
the  analysis  window  lengths.  This  length  is  determined  by 
the  band  width  of  the  pulse. 

In  conclusion  it  can  be  said  that  it  should  be  possible 
to  measure  the  absorption  and  dispersion  with  the  spectral 
ratio  method.  Fourier  methods  should  be  used  for  the 
spectral  estimate.  Corrections  must  be  made  for  the  effects 
of  other  reflections;  however,  the  correction  procedure 
leads  to  a  limit  on  the  depth  resolution  that  can  be 
obtained.  Corrections  must  also  be  made  for  other 
variations  such  as  the  source.  As  distances  between 
receivers  become  smaller  errors  will  increase  due  to  the 
effects  of  other  reflections.  If  the  data  analysis  window 
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is  made  shorter  in  time  it  will  tend  to  eliminate  the 
effects  of  these  reflections;  however,  spectral  estimation 
will  become  much  more  uncertain  if  the  window  is  shortened 
to  the  point  where  the  pulse  is  truncated.  The  examples 
considered  in  this  chapter  were  for  transmitted  pulses,  but 
the  results  can  also  be  applied  to  different  time  windows  on 
a  reflection  seismogram.  In  the  reflection  case  there  would 
likely  be  a  greater  limitation  on  the  depth  resolution  due 
to  the  effects  of  other  reflections  than  in  the  transmitted 
pulse  case.  This  is  because  other  interfering  reflections 
are  of  the  same  order  of  magnitude  in  amplitude  as  the  main 
reflection,  whereas  for  a  transmitted  pulse  these 
reflections  are  an  order  of  magnitude  lower  in  amplitude 
than  the  direct  pulse. 


4.  MEASUREMENT  OF  ABSORPTION  AND  DISPERSION  FROM  CHECK-SHOT 


SURVEYS 

J±«_l  o d e  1  Study 

In  this  chapter  the  problem  of  measuring  absorption  and 
dispersion  from  a  digitally  recorded  check-shot  survey  is 
examined.  A  check  shot  survey  is  an  elastic  wave  experiment 
in  which  an  impulsive  source  is  set.  off  near  the  surface  and 
a  seismic  recording  is  made  by  a  geophone,  or  geophones, 
clamped  at  different  depths  in  a  borehole.  The  purpose  of 
the  survey  is  to  obtain  travel  times  from  the  surface  to 
various  depths.  This  information  is  used  to  correct  the 
integrated  times  on  velocity  logs  and  also  to  aid  in 
interpretation  of  seismograms.  In  this  section  a  model 
study  will  be  performed  to  assess  the  feasibility  of  using 
the  variation  of  amplitude  with  frequency  in  such  a  survey 
to  measure  Q  as  a  function  of  depth.  This  information  could 
possibly  be  used  as  an  aid  in  the  detection  of  hydrocarbons. 

The  model  used  for  this  study  is  based  on  velocity  and 
density  logs  obtained  for  a  well  in  a  sedimentary  basin  in 
northern  Canada.  These  logs  were  blocked  into  a  263  layer 
model.  Figure  4. 1  shows  the  velocity-depth  structure  for 
this  model  and  figure  4.2  shows  the  density  model.  Figure 
4. 3  shows  the  Q  versus  depth  structure  which  was  used  for 
this  model.  The  Q  values  were  synthesized  for  the  purpose 
of  the  study.  The  velocity  and  Q  values  apply  at  125  Hz. 


159 


DEPTH  (KM) 


160 


VELOCITY  CKM/SEC) 


figure  4.  1 


263  layer  velocity  model  from  a  well  in  northern 
Canada- 
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2  263  layer  density  model  from  a  well  in  northern 

Canada. 
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Figure  4.3  263  layer  Q  model  for  check  snot  model  study. 
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In  order  to  simulate  the  check  shot  survey  synthetic 
traces  were  calculated  at  several  depths.  The  source  for 
all  traces  was  a  spike  at  a  depth  of  12  meters.  The 
synthetic  traces  are  4096  points  long  with  a  2  msec  sample 
interval.  All  data  was  passed  through  a  125  Hz  Butterworth 
low  pass  filter  (non-zero  phase)  which  simulated  an 
anti-alias  filter.  These  synthetic  traces  were  calculated 
using  the  plane  wave,  vertical  incidence  program  described 
in  chapter  2.  Figure  4.4  shows  the  synthetic  traces 
calculated  at  the  indicated  depths  for  the  model  in  figures 
4.1  to  4.3.  Figure  4.5  shows  the  synthetic  traces 
calculated  with  no  absorption  and  dispersion  for  the  same 
model.  All  parameters  were  exactly  the  same  as  for  the  data 
in  figure  4.4  except  that  the  traces  were  8192  points  long. 
The  data  in  figure  4.5  will  be  used  to  calculate  the 
correction  for  the  effects  of  other  reflections  and 
multiples.  Figure  4.6  is  the  same  data  as  in  figure  4.4 
except  that  10%  random  noise  has  been  added  to  the  data. 
This  data  will  be  used  to  study  the  effects  of  noise  on  the 
solution. 

With  all  of  the  data  that  is  available  from  figure  4.4 
there  is  more  than  one  method  that  can  be  used  to  estimate 
the  Q  versus  depth  structure  from  the  check  shots.  The 
simplest  approach  is  to  pick  a  depth  interval  and  use  the 
traces  at  the  top  and  bottom  of  this  interval  in  the 
calculation.  This  uses  only  two  traces  for  each  depth 
interval-  A  more  sophisticated  approach  is  to  do  the 
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figure  4.4  Synthetic  check  shot  survey  for  model  in  figures 

4.1  to  4.3. 
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figure  4.5  Synthetic  check  shot  survey  without  including 

the  effects  of  absorption  and  dispersion. 
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.Figure  4.6  Synthetic  check  shot  data  from  figure  4. 

10%  random  noise  added. 
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spectral  ratio  calculation  over  as  many  pairs  of  traces  as 
possible  and  then  to  analyze  these  results  in  order  to 
obtain  a  least-squares  solution- 

The  theory  for  the  least-squares  approach  will  now  be 
examined  briefly.  Consider  N+1  seismograms  recorded  at  N  +  1 
different  depths  as  part  of  a  check- shot  survey-  There  are 
then  N  depth  intervals  between  the  N+1  traces.  The  quantity 
which  is  to  be  calculated  in  a  least-squares  sense  is  the 
true  slope  of  the  spectral  ratio  plot,  x(i),  over  the  i'th 
depth  interval,  where  i  rarges  from  1  to  N.  From  the  N+1 
seismograms  there  are  a  maximum  of  N(N+1)/2  pairs  of 
seismograms  which  can  be  used  in  the  spectral  ratio 
calculation.  M  is  the  number  of  these  possible  pairs  of 
seismograms  for  which  the  calculation  has  been  done,  and 
b(j)  is  the  measured  slope  over  the  j'th  interval  where  j 
ranges  from  1  to  M  and  a  is  larger  than  N-  From  equation 
3.4  it  is  apparent  that  b(j)  is  just  a  sum  of  one  or  more  of 
the  x  (i)  .  Thus 

CX  =  B  (4.1) 

where  X  is  a  column  vector  of  length  N  containing  the 
unknown  slopes,  x(i)  ,  and  B  is  a  column  vector  of  length  M 
containing  the  measured  slopes  b(j).  C  is  an  MxN 
coefficient  matrix  relating  the  unknowns  to  the 
observations.  The  elements  of  C  are  all  ones  and  zeroes  and 
are  determined  from  the  relationships  between  the  i'th  depth 
intervals  and  the  j'th  interval  for  each  observation.  The 
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least-squares  solution  to  equation  4.1  is  found  by  solving 


C"CX  =  C "B 


(4.2) 


where  the  double  prime  denotes  the  transpose  of  the 
indicated  matrix  (Noble  and  Daniell,  1977).  If  a  weighted 
least-squares  solution  to  equation  4.1  is  desired,  it  is 
obtained  by  solving 


C'WCX  =  C"WB  (4.3) 

where  W  is  an  MxM  diagonal  matrix  whose  diagonal  element  on 
row  j  is  the  weight  for  observation  j. 


The  solution  to  equation  4.1  can  be  found  by  using  the 
singular  value  decomposition  of  the  matrix  C  (Noble  and 
Daniel,  1  977)  .  The  singular  value  decomposition  of  C  is 
given  by 


C  =  UL  V"  (4.4) 

where  U  is  an  MxN  matrix  whose  columns  are  the  eigenvectors 
associated  with  CC”,  V  is  an  NxN  matrix  whose  columns  are 
the  eigenvectors  associated  with  C”C,  and  L  is  an  NxN 
diagonal  matrix  whose  elements  are  the  positive  square  roots 
of  the  eigenvalues  of  C"C.  By  convention  the  elements  of  L 
are  ordered  from  largest  to  smallest  along  the  diagonal. 
The  solution  of  equation  4.1  is  given  by 


X  =  VL-MJ"B 


(4.5) 


where  L”1  is  the  inverse  of  the  matrix  L.  Cne  advantage  of 
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the  formulation  of  the  problem  given  by  equation  4.5  is  that 
the  variances  of  the  least-squares  solutions  can  be 
estimated  by 

S2(i)  =  S2v2(i,j)/12  (j,  j)  (4.6) 

where  there  is  an  implied  summation  over  j  on  the  right  hand 
side  of  the  equation  (Higgins,  1972).  S2  is  the  problem 
variance  which  is  estimated  by 

S2  =  |  E|  2/(N-M)  (4 . 7) 


and 


E  =  CX-B.  (4.8) 

The  procedure  used  in  this  thesis  for  calculating  the 
least- squares  solution  is  as  follows.  first,  several  sets 
of  spectral  ratios  are  calculated  from  the  available  traces. 
Each  spectral  ratio  plot  is  then  examined  in  order  to 
determine  the  frequency  range  over  which  a  straight  line  can 
be  fit  reliably  to  the  data.  In  general  this  frequency 
range  becomes  smaller  as  the  depth  of  the  traces  increases 
because  the  cumulative  effect  of  the  absorption  lowers  the 
frequency  above  which  amplitudes  are  large  enough  to  give  a 
meaningful  ratio.  The  range  also  becomes  smaller  in  the 
presence  of  several  reflectors  for  reasons  pointed  out  in 
the  previous  chapter.  The  next  step  is  to  calculate  the 
le ast- squares  slopes  of  the  straight  lines  which  were  fit  to 
the  spectral  ratio  plots.  These  regression  calculations 
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give  estimates  of  the  variances  of  these  slopes.  The 
reciprocals  of  these  estimates  of  the  variances  are  used  as 
the  weights  if  the  weighted  solution  is  calculated.  This 
means  that  measured  slopes  with  large  uncertainties  are  less 
heavily  weighted  in  the  least-squares  calculation  than  those 
with  small  uncertainties.  The  least-squares  solution  is 
then  calculated  for  the  slopes  between  adjacent  depths. 
Equation  3.  4,  an  estimate  of  the  phase  velocity  at  a 
reference  frequency,  and  the  slope  are  then  used  to 
calculate  Q  at  that  frequency.  The  estimation  of  the  phase 
velocity  can  be  made  by  dividing  the  depth  interval  by  the 
transit  time  or  by  a  more  exact  procedure  which  is  described 
below.  Note  that  the  Q  value  solved  for  in  this  way  is 
actually  an  average  value  over  the  given  interval  and  is  not 
Q  but  Q"  of  equation  3.5. 

Examination  of  the  phase  difference  curves  for  each 
pair  of  depths  gives  the  frequency  at  which  the  phase 
difference  is  zero.  This  examination  is  made  after  a  linear 
trend  equal  to  a  static  time  difference  has  been  removed 
from  the  phase  difference  curve.  The  velocity  at  this 
frequency  (where  the  phase  difference  is  zero)  is  then  equal 
to  the  difference  in  depths  divided  by  the  static  time 
difference  which  was  removed  from  the  phase  difference 
curve.  The  Q  value  at  this  frequency  is  then  calculated 
from  this  velocity  and  the  slope  of  the  spectral  ratio  plot 
for  these  depths  using  equation  3.4.  Equation  1.14  is  then 
used  to  correct  this  Q  value  to  the  desired  reference 
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frequency  and  equation  1,12  is  used  to  calculate  the  phase 
velocity  at  this  frequency.  The  velocities  calculated  at 
this  frequency  for  all  pairs  of  depths  are  then  converted  to 
transit  times.  These  times  are  used  to  obtain  a  least 
squares  solution  for  the  transit  times  between  adjacent 
depths  in  exactly  the  same  way  as  a  least-squares  solution 
was  obtained  for  the  slopes.  Finally,  these  least-squares 
transit  times  are  converted  to  average  velocities  over  the 
respective  depth  intervals. 

Now  that  the  procedure  for  calculating  the  Q  values  and 
phase  velocities  from  the  spectral  ratio  data  has  been 
described,  the  results  of  the  model  study  will  be  examined. 
The  input  for  this  study  was  the  set  of  synthetic  traces  of 
figure  4.4  and  the  correction  traces  were  those  of  figure 
4.5.  For  all  calculations  the  analysis  window  length  was 
100  msec  (50  samples)  and  3  points  at  each  end  of  the  window 
were  weighted  with  the  cosine  bell  taper.  Zeroes  were  added 
to  tring  the  window  length  to  512  points  for  the  FFT  and  the 
Fourier  coefficients  were  smoothed  over  a  window  which  was 
10  Hz  wide. 

Table  4.1  lists  the  calculated  Q  values  and  phase 
velocities  over  the  indicated  depth  intervals-  Values  in 
the  first  column  were  obtained  by  direct  measurement  over 
the  indicated  interval.  Values  in  the  second  column  are  an 
unweighted  least-squares  solution  while  those  in  the  third 
column  are  the  weighted  least-squares  solution.  For  the 
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Depth 

Interval 

(meters) 

Direct 
Measure  ment 

Unweighted 
Least 
square  s 

Weighted 

Least 

squares 

Actual 
Value  s 

Q 

V  alues 

30  5-823 

41 

42 

41 

41.3 

823-1524 

53 

53 

53 

52-  9 

1524-23  93 

66 

67 

67 

66-  3 

2393-3033 

100 

110 

110 

89.4 

Phase 

Velocities  (m/sec) 

305-823 

1972 

1972 

1972 

1971 

823-  1524 

2417 

2416 

2416 

2416 

1524-2393 

3182 

3182 

3182 

3183 

2393-3033 

3667 

3673 

3667 

3674 

Table  4. 1 


Q  values  and  phase  velocities  for  noise-free 
model  measured  over  large  interval  spacing- 


4 

. 
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least-squares  solutions  9  measurements  were  input.  The 
fourth  column  in  the  table  gives  the  theoretically  correct 
values  as  calculated  directly  from  the  input  model.  All 
values  given  in  the  table  apply  at  125  Hz,  The  depth 
intervals  in  table  4.1  are  sufficiently  large  that  the 
results  are  quite  accurate.  Note  that  the  least-squares 
results  show  no  improvement  over  the  direct  measurements. 
The  loss  of  accuracy  over  the  deepest  interval  can  be 
attributed  partly  to  the  decrease  of  frequency  band  width  of 
the  signal  with  increasing  depth.  Table  4,2  is  the  same  as 
table  4.1  except  that  the  depth  intervals  have  been  made 
smaller  in  an  attempt  to  obtain  better  resolution.  The 
depth  intervals  in  this  table  are  at  about  the  limit  of 
resolution  that  should  be  expected.  The  number  of 

measurements  used  for  the  least-squares  calculation  in  this 
table  was  35.  In  all  cases  the  accuracy  is  quite  good  and 
the  le ast- squares  results  show  no  improvement  over  the 
direct  measurements. 

Table  4.3  is  the  same  as  table  4.2  except  that  no 
correction  was  made  to  the  data  for  the  effect  of 

interfering  reflections.  Comparison  of  these  tables 
indicates  that  the  correction  has  certainly  improved  the 
results.  This  is  particularly  evident  below  a  depth  of  900 
meters  where  there  are  many  mere  reflectors. 

It  may  appear  that  the  least  squares  procedure  offers  a 
way  to  get  increased  resolution  by  using  widely  separated 
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Depth 

Interval 

(meters) 

Direct  Unweighted 

Measurement  Least 

squares 

Weighted 

Least 

squares 

Ac  t  ua  1 
Values 

Q  Values 

30  5-457 

41 

41 

4  1 

42.4 

457-625 

43 

43 

43 

41.  7 

625-823 

41 

41 

40 

40.  3 

823-991 

46 

48 

48 

45.0 

99  1-  1219 

50 

50 

50 

51.4 

1219-1524 

61 

61 

61 

59.9 

1524-1829 

64 

64 

65 

6  1.  5 

18  29-2393 

68 

70 

68 

69.2 

2393-3033 

100 

76 

76 

89.4 

Phase 

Velocities  (m /sec) 

305-457 

2065 

2065 

2065 

2063 

457-625 

1  956 

1956 

19  56 

1956 

625-823 

1921 

1920 

1920 

1917 

823-991 

2085 

2088 

2088 

209  1 

99  1-  1219 

2422 

2422 

2422 

2420 

1219-  1524 

2639 

2641 

2641 

2637 

1524-1829 

2812 

2827 

2827 

2824 

1829-2393 

3420 

3420 

3417 

34  17 

239  2-3033 

3667 

3667 

3676 

3674 

Table  4.2  Q  values  and  phase  velocities  for  noise-free 
model  measured  over  small  interval  spacing. 
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Depth 

Interval 

(meters) 

Direct 

Measurement 

Unweighted 

Least 

squares 

Weighted 

Least 

squares 

Actual 
Val  ues 

Q 

Values 

305-457 

45 

46 

46 

4  2.  4 

457-625 

43 

41 

42 

41.7 

625-823 

40 

39 

39 

40.3 

823-991 

47 

45 

46 

45.  0 

991-1219 

36 

36 

36 

5  1.  4 

1219-1524 

71 

68 

70 

59.9 

1524-  1829 

45 

44 

44 

61.5 

1829-2393 

86 

80 

81 

69.2 

2393-3033 

75 

110 

110 

89.  4 

Phase 

Velocities  (m/sec) 

305-457 

2065 

2065 

2065 

20  63 

457-625 

1958 

1958 

1956 

1956 

625-823 

1921 

19  18 

1920 

1917 

823-99  1 

2085 

2096 

20  90 

2091 

991-1219 

2416 

2411 

24  14 

2420 

1219-1524 

2644 

2639 

2641 

2637 

1524-  1829 

2830 

28  20 

2817 

2824 

1829-2393 

3417 

3423 

3420 

3417 

2392-3033 

3667 

3667 

3676 

3674 

Table  4.  3 

Q  values  and  phase  velocities 
model  calculated  without  the 
effect  of  other  reflections. 

for  noise- 
correction 

■f  ree 
for  the 

. 
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pairs  of  seismograms  in  calculating  spectral  ratios  and  then 
using  the  least-squares  procedure  to  extract  values  over 
small  depth  intervals.  Table  4.4  shows  the  results  if  this 
procedure  is  attempted.  214  measurements  were  used  as  input 
to  the  least- sguar  es  calculation  and  none  of  the 
measurements  was  made  over  a  depth  interval  of  thickness 
less  than  100  msec  in  terms  of  transit  time-  Depth 
intervals  with  no  measured  Q  values  are  those  which  had  a 
positive  value  for  the  determined  slope.  Note  that  in  the 
zones  where  an  attempt  was  made  to  get  high  resolution, 
namely  762  to  1067  meters  and  2392  to  27  12  meters,  the 
results  are  quite  poor.  This  indicates  that  the 
least-squares  technique  cannot  be  used  to  extend  the 
resolution  beyond  reasonable  limits. 

As  a  final  example  the  data  in  figure  4.6  which  had  the 
added  random  noise  was  used  as  the  synthetic  check  shot  data 
and  the  analysis  which  had  been  done  to  produce  tables  4.1 
and  4.2  was  repeated  on  the  noisy  data  to  produce  tables  4.5 
and  4.6.  Comparison  of  the  data  in  these  tables  indicates 
that  the  noise  has  caused  larger  errors  in  the  measured  Q 
values,  as  would  be  expected.  However,  the  phase  velocities 
are  not  affected  very  much  by  the  noise.  The  depth 
intervals  of  table  4.6  are  likely  too  small,  as  indicated  by 
the  large  errors.  Cnee  again,  the  least- squares  approach 
has  not  improved  the  accuracy  over  the  direct  measurements. 


In  conclusion. 


the  model  study  has  indicated  that  the 
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Depth 

Interval 

Weighted 

Least-squares 

Actual 

Values 

305-457 

42 

42-4 

457-625 

43 

41 .7 

625-762 

43 

40-  0 

762-823 

38 

40.  8 

823-914 

37 

43.6 

914-991 

70 

46.9 

99  1-  1067 

51 

47,  7 

1067-1219 

50 

53.  5 

1219-1341 

58 

60.3 

1341-1 524 

66 

59.7 

1524-1692 

67 

63.  2 

1692-1829 

63 

59-  5 

1829-1996 

76 

58.6 

1996-2149 

49 

77.7 

2149-2393 

91 

73.3 

2393-2438 

— 

80.0 

2438-2530 

42 

80.0 

2530-2591 

— 

80.0 

259  1-2652 

70 

80.  0 

2652-2728 

60 

83.  5 

2728-2911 

140 

103.6 

291 1-3  033 

300 

98.0 

Table  4.4  Q  values  for  noise-free  model  obtained  by 

attempting  to  use  least- squares  procedure  to 
inrease  resolution. 
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Depth 

I  nterval 
(meters) 

Direct 

Me  asuremen t 

Unweighted 

Least 

squares 

Weighted 

Least 

squares 

Actua  1 
Values 

Q 

Values 

305-823 

40 

39 

39 

4  1.  3 

823-1524 

56 

54 

54 

52.9 

1524-2393 

70 

79 

72 

66.3 

2393-3033 

110 

110 

140 

89.  4 

Phase 

Velocities  (m/sec) 

305-823 

1975 

1984 

1978 

1971 

823-1524 

24  11 

2408 

2408 

2416 

1524-2393 

3155 

3158 

3158 

3183 

2393-3033 

3673 

3658 

3636 

3674 

Table  4.5  Q  values  and  phase  velocities  for  noise-added 
model  measured  over  large  interval  spacing. 
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Depth 

Interval 

(meters) 

Direct  Unweighted 

Measurement  Least 

squares 

Weighted 

Least 

squares 

Actual 

Values 

Q  Values 

30  5-457 

44 

41 

40 

42.4 

457-625 

46 

46 

45 

41.  7 

625-823 

31 

33 

32 

40.  3 

823-991 

47 

69 

85 

45.0 

991-1219 

40 

41 

40 

51.4 

1219-1524 

80 

71 

74 

59.  9 

1524-1829 

100 

130 

120 

6  1.  5 

18  29-2393 

57 

56 

56 

69.2 

2393-3033 

110 

100 

110 

89.4 

Phas  e 

Velocities  (m /sec) 

305-457 

2050 

2060 

2070 

2063 

457-625 

1960 

1960 

19  60 

1  956 

625-823 

19  30 

1940 

1930 

1917 

823-991 

2090 

2060 

2050 

209  1 

99  1-1219 

2440 

24  40 

2440 

2420 

1219-  1524 

2640 

2640 

26  30 

2637 

1524-1829 

28  20 

281  0 

28  10 

2824 

1829-2393 

3430 

3420 

3410 

34  17 

239  2-3033 

3670 

3640 

3660 

3674 

Table  4.6  Q  values  and  phase  velocities  for  noise-added 
model  measured  over  small  interval  spacing. 
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spectral  ratio  method,  with  the  correction  for  the  effects 
of  other  reflections,  can  be  used  to  measure  the  absorption 
and  dispersion  from  check  shot  surveys.  Depth  resolution 
should  be  limited  to  intervals  of  the  order  of  300  meters  in 
thickness  and  a  least-squares  solution  does  not  seem  to 
improve  the  resolution  or  the  accuracy  of  the  method. 


4 _,2  Application  to  r eal  data 

In  this  section  the  measurement  of  absorption  and 
dispersion  from  a  real  check  shot  survey  will  be  presented* 
The  data  was  recorded  in  a  well  in  a  sedimentary  basin  in 
northern  Canada-  The  well  is  the  one  which  was  used  to  make 
the  model  shown  in  figures  4,1  to  4,3,  Since  the  data  was 
not  digitally  recorded,  it  was  necessary  to  digitize  it  by 
hand  froir  the  paper  recordings  of  the  analog  signal-  The 
source  was  an  airgun  and  the  pressure  of  the  gun  was  varied 
from  shot  to  shot.  Since  there  was  no  reference  phone  near 
the  source,  the  analysis  was  only  performed  on  pairs  of 
traces  for  which  the  airgun  pressure  and  depth  were  the 
same.  It  was  assumed  that  the  source  was  essentially 
identical  fcr  records  which  met  these  conditions.  This 
greatly  reduced  the  available  data.  The  traces  used  in 
correcting  the  data  were  calculated  using  the  plane  wave 
program  and  the  model  of  figures  4,1  and  4.2.  The  source 
was  very  close  to  the  borehole  so  that  the  data  was 
essentially  at  vertical  incidence.  The  plane  wave 
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correction  leads  to  small  errors  because  geometric  spreading 
is  neglected.  The  geometric  spreading  does  not  change  much 
over  the  length  of  the  analysis  window  at  the  depths 
involved  and  thus  these  errors  are  insignificant. 

Figure  4.7  shows  4  traces  selected  for  the  analysis. 
The  airgun  pressure  and  depth  were  the  same  for  the  traces 
at  depths  of  549  and  1193  meters  and  for  those  at  945  and 
1311  meters,  although  the  pressure  and  depth  were  not  the 
same  for  all  four  depths.  Note  that  the  records  are  quite 
"  ringy"  due  to  the  fact  that  the  source  was  a  single  airgun. 
The  data  is  also  quite  noisy,  particularly  the  record  at  549 
meters- 

Figure  4.8  shows  the  spectral  ratio  plot  for  the  pair 
of  records  at  depths  of  945  and  1311  meters.  The  x's  are 
the  measured  values  and  the  solid  line  is  the  least-squares 

straight  line  which  was  fit  to  the  data.  The  window  length 

was  200  msec  (100  samples)  and  the  cosine  taper  was  applied 
to  9  points  at  each  end  of  the  analysis  window.  5  12  points 
were  used  for  the  F FT  and  the  complex  Fourier  coefficients 
were  smoothed  over  a  window  which  was  10  Hz  wide.  The 

calculated  Q  for  this  plot  is  67  and  applies  at  a  frequency 
of  125  Hz.  Using  the  standard  deviation  of  the  slope  of  the 
regression  line  as  an  uncertainty  leads  to  a  range  of  62-73 
for  the  measured  Q  value.  Figure  4.9  shows  the  dispersion 
curve  for  the  depth  interval  of  945  to  1311  meters.  The  x's 
are  the  measured  values  and  the  solid  line  is  the 


• .  ' 


182 


Figure  4.7 


Actual  check  shot  data  from  a  well  in  a 
sedimentary  basin  in  northern  Canada. 
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Figure  4.8  Leg  spectral  ratio  plot  for  the  depth  interval 

945  to  1311  meters. 
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Figure  4.9  Measured  dispersion  curve  ror  the  depth  interval 

945  to  1311  meters. 
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theoretical  curve  predicted  by  Futterman's  model  for  a  Q 
value  of  67  at  125  Hz.  Figures  4.10  and  4.11  show  the 
spectral  ratio  plot  and  dispersion  curve  respectively  for 
the  pair  of  traces  at  549  and  1193  meters.  The  calculated 
range  for  the  Q  value  is  42  to  45  and  the  Q  value  used  in 
calculating  the  theoretical  dispersion  curve  was  43.  These 
values  also  apply  at  125  Hz. 

From  figures  4.8  to  4.11  it  can  be  concluded  that  the 
spectral  ratio  method  has  given  reasonable  results  when 
applied  to  real  data.  The  absorption  coefficient  appears  to 
be  a  linear  function  of  freguency  and  the  data  shows 
dispersion  which  is  consistent  with  Futterman's  model. 
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Figure  4.  10  Log  spectral  ratio  plot  for  the  depth  interval 

549  to  1193  meters. 
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Figure  4.  1  1 


Measured  dispersion  curve 
interval  549  to  1193  meters. 


ror 


the  depth 


5. .  CONCLU SIOMS  AND  DISCUSSION 


In  this  thesis  the  absorption  and  dispersion  of  seismic 
waves  has  been  examined ,  both  from  a  theoretical  viewpoint 
and  from  actual  measurements  on  real  data.  The  problem  of 
computing  synthetic  seismograms  which  include  the  effects  of 
absorption  and  dispersion  has  also  been  examined.  Methods 
for  calculating  such  seismograms  have  been  presented  for 
plane  waves  at  vertical  incidence  using  a  matrix  method  and 
for  curved  waves  at  non-vertical  incidence  using  ray  theory. 
These  methods  have  been  shown  to  be  accurate  and 
computationally  efficient.  The  effect  of  multiples  on 
synthetic  seismograms  has  also  been  briefly  examined. 

The  spectral  ratio  method  was  examined  theoretically , 
as  well  as  with  the  aid  of  model  studies,  and  was  applied  to 
real  data.  Fourier  spectral  estimates  were  found  to  be 
superior  to  autoregressive  estimates.  Correction  of  the 
data  for  the  effects  of  interfering  reflections  was  shown  to 
be  an  important  step  in  the  method.  Eesolution  was  found  to 
be  limited  to  intervals  of  the  order  of  300  meters  in 
thickness  when  applying  the  method  to  check  shot  data. 

Finally,  a  limited  amount  of  real  data  from  a  check 
shot  survey  was  examined  for  absorption  and  dispersion  using 
the  spectral  ratio  method.  The  spectral  ratio  plots 
supported  the  conclusion  that  the  absorption  coefficient  is 
essentially  a  linear  function  of  frequency.  Dispersion  was 
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present  in  the  data  and  was  consistent  with  a  theory 
proposed  by  Futterman  (196  2).  Measured  Q  values  on  this 
data  were  42±2  for  the  depth  interval  549  to  1193  meters  and 
67±6  for  the  interval  945  to  1311  meters..  This  would 
suggest  an  increase  of  Q  with  depth. 

The  limits  on  resolution  imposed  by  the  spectral  ratio 
method  are  a  result  of  the  frequency  range  of  the  seismic 
data.  If  measurements  of  absorption  are  to  be  useful  in 
petroleum  exploration  where  detailed  resolution  is  often 
required,  then  it  would  appear  that  a  borehole  logging  tool 
should  be  designed.  Such  a  tool  could  operate  at 

frequencies  in  the  kHz  range  and  the  resolution  would  be 
over  interval  thicknesses  of  the  order  of  one  meter  or  less. 
This  would  then  possibly  make  measurements  of  absorption  a 
viable  technique  for  stratigraphic  interpretation  or 
hydrocarbon  detection.  This  is  a  problem  which  requires 
much  more  research,  and  it  appears  to  be  an  important  area 
to  investigate. 

Eecently  there  has  been  a  good  deal  of  emphasis  in  the 
seismic  data  processing  field  on  the  correction  of 
seismograms  for  any  phase  distortions  (see  for  instance 
Lindseth,  1978  and  Hobinson,  1978).  Since  dispersion  causes 
phase  distortion,  corrections  should  be  made  for  this 
distortion.  These  corrections  can  be  made  if  estimates  of 
the  absorption  are  available.  Detailed  resolution  would  not 
be  required  to  make  a  reasonable  correction  for  this  effect. 
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This  correction  would  have  to  be  a  dyna 
the  sense  that  it  would  change  with 
absorption  and  dispersion  change  with 
record. 


mic  correction,  in 
time,  since  the 
time  on  a  seismic 
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SUBROUTINE  LSR4F (XI , X2, X3, X4, Y1 , Y2 , Y3, Y4 ,RAT , DIF, NX , 

. NY, MPTS) 

SUBROUTINE  BY  DAVE  GANLEY  OCT  24,  1977. 

THIS  SUBROUTINE  WILL  CALCULATE  THE  NATURAL  LOGARITHM 
OF  THE  SPECTRAL  RATIO  AND/CR  THE  PHASE  DIFFERENCE  FOR 
ANY  NUMBER  OF  PAIRS  OF  SEISMIC  TRACES.  THE  SPECTRAL 
RATIO  (PHASE  DIFFERENCE)  IS  CORRECTED  BY  DIVIDING  BY 
THE  RATIO  (SUBTRACTING  THE  PHASE  DIFERENCE)  OF  2  OTHER 
TRACES  ON  A  SECOND  INPUT  TAPE.  DIFFERENT  TIME  WINDOWS 
CAN  BE  USED  FOR  EACH  TRACE.  THE  RESULTS  ARE  OUTPUT 
IN  GRAPHICAL  FORM  ON  THE  LINE  PRINTER  AND  INTO  A 
SEQUENTIAL  FILE  ON  LOGICAL  UNIT  3. 

A  FAST  FOURIER  TRANSFORM  IS  USED  TO  CALCULATE  SPECTRA. 
THE  DATA  CAN  BE  WEIGHTED  WITH  A  COSINE  TAPER  AT  THE 
ENDS  AND  THE  SPECTRA  CAN  BE  SMOOTHED.  THIS  SMOOTHING 
CAN  BE  APPLIED  TO  THE  COMPLEX  FOURIER  COEFFICIENTS 
OR  TO  THE  AMPLITUDE  AND  PHASE. 

INPUTS  ARE: 

X1,X2,X3,X4  =  ARRAYS  OF  LENGTH  NX 
Y1,Y2,Y3,Y4  =  ARRAYS  OF  LENGTH  NY 
NX  =  NUMBER  OF  DATA  POINTS  IN  A  BLOCK  ON  TAPE 
NY  =  NUMBER  OF  POINTS  TO  USE  IN  FFT 
(MUST  BE  A  POWER  OF  2) 

MPTS  =  DO  THE  CALCULATION  FOR  THE  FIRST  MPTS 
FREQUENCY  VALUES 

OUTPUTS  ARE: 

RAT  =  NATURAL  LOG  OF  SPECTRAL  RATIO  (LENGTH  IS  MPTS) 
DIF  =  PHASE  DIFFERENCE  (LENGTH  IS  MPTS) 

SUBROUTINES  CALLED: 

1.  FFTR2  (FOURIER  TRANSFORM  ON  2  REAL  TIME  SERIES) 

2.  AMPPHZ  (CALCULATES  AMPLITUDE  AND  PHASE  FROM 

FOURIER  COEFFICIENTS  OR  VICE  VERSA) 

3.  DANIEL  (APPLY  DANIELL  SPECTRAL  WINDOW) 

4.  UNWRAP  (ATTEMPT  TO  UNWRAP  PHASE  CURVE) 

5.  GRAF  (PLOT  A  LINE  PRINTER  GRAPH) 

6.  TAPER  (APPLY  COSINE  BELL) 

7.  SKIP  (SYSTEM  ROUTINE  TO  SKIP  TRACES  ON  TAPE) 

DIMENSION  XI  (NX)  ,X2  (NX)  ,  X3  (NX)  ,X4  (NX) 

DIMENSION  Y 1  (NY)  ,  Y2  (NY)  ,  Y3  (NY)  ,  Y4  (NY) 

DIMENSION  RAT(MPTS)  , DIF  (MPTS) 

DATA  I BLOCK/1 / 

COMMON  /LSRCOM/  L2NY, DT, DF,IWL, 1C, IWI, ISM, FSWID 
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C++  +  + 

C  L2NY  =  SUCH  THAT  NY=2**L2NY 

C  DT  =  SAMPLE  INTERVAL  IN  MILLISECONDS 

C  (SAME  FOR  BOTH  TAPES) 

C  DF  =  SPACING  BETWEEN  FREQUENCY  VALUES  IN  HERTZ 

C  IWL  =  TIME  WINDOW  LENGTH  IN  SAMPLES. 

C  (SAME  FOR  ALL  WINDOWS) 

C  IC  =  1  CALCULATE  LOG  OF  SPECTRAL  RATIO  AND  PHASE 

C  DIFFERENCE 

C  =2  CALCULATE  LOG  OF  SPECTRAL  RATIO  ONLY 

C  =3  CALCULATE  PHASE  DIFFERENCE  ONLY 

C  IWT  =  NUMBER  OF  POINTS  AT  EACH  END  OF  DATA  TO  WEIGHT 

C  WITH  COSINE  TAPER 

C  ISM  =  1  MEANS  DO  NOT  SMOOTH  SPECTRAL  ESTIMATE 

C  =2  MEANS  SMOOTH  AMPLITUDE  AND  PHASE  SPECTRA 

C  =3  MEANS  TO  SMOOTH  COMPLEX  FOURIER  COEFFICIENTS 

C  FSWID  =  WIDTH  OF  WINDOW  TO  US h  FOR  SMOOTHING  (IN  HERTZ) 

C++  +  + 

I WLP 1  =  1 WL  +  1 
MY=NY/2 
MYP 1=MY+1 
MYP2=MY  +  2 
MYM1=MY-1 
MPTS1 =MPTS— 1 
IRL=0 
IR 1L=0 
IR2L=0 
JRL=0 
JR 1L=0 
JR  2L=0 

10  READ  (5,1,END=99)  IR1 , IWS 1 ,IR2, I W S2 , JR1 , J WS 1 , JR 2 , JWS2 
.,DELT,IP1 ,IP2, JP1,JP2 
1  FORMAT  (5X,8l5,F5. 0,411) 

C**** 

C  IR1  =  NUMBER  OF  THE  BLOCK  CN  TAPE  1  CONTAINING  TRACE  1 

C  IWS1  =  WINDOW  START  FOR  TRACE  1  IN  MILLISECONDS 

C  IP1  =  1  MEANS  PLOT  TRACE  1  DATA  WINDOW  CN  LINE  PRINTER 

C  IR 2 ,  IWS  2,  IP2  =  SAME  AS  ABOVE  FOR  TRACE  2  (ON  TAPE  1) 

C  JR1  =  NUMBER  OF  THE  BLOCK  CN  TAPE  2  CONTAINING  TRACE  3 

C  JWS 1  =  WINDOW  START  FOR  TRACE  3  IN  MILLISECONDS 

C  JP  1  =  1  MEANS  PLOT  TRACE  3  DATA  WINDOW  ON  LINE  PRINTER 

C  JR2,  JWS2,  JP  2  =  SAME  AS  ABOVE  FOR  TRACE  4  (ON  TAPE  2) 

C  DELT  =  ACTUAL  TIME  DIFFERENCE  (MSEC)  BETWEEN  ARRIVALS 

C  FOR  THE  TWO  CORRECTION  TRACES  (3  AND  4).  THIS 

C  IS  NEEDED  TO  REMOVE  A  LINEAR  TREND  FROM  THE 

C  PHASE  DIFFERENCE  WHICH  IS  CAUSED  BY  THE  FACT 

C  THAT  THE  TIME  DIFFERENCE  BETWEEN  TRACES  3  AND  4 

C  MUST  BE  A  MULTIPLE  OF  THE  SAMPLE  INTERVAL  WHEN 

C  IT  SHOULD  BE  DELT.  IF  DELT=0.0  THIS  CORRECTION 

C  IS  IGNORED. 

C 

C  IR 2  MUST  BE  GREATER  THAN  IR1  AND  JR2  GREATER  THAN  JR1 

C  IT  IS  ASSUMED  THAT  FOR  A  GIVEN  IR1  OR  IR2  THE  SAME 

C  JR1  OR  JR2  WILL  CORRESPOND  TO  IT  FOR  ALL  CALCULATIONS. 
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C  THERE  CAN  BE  A  DIFFER NET  1SUMBER  OF  TRACES  ON  TAPE  1  AND 

C  TAPE  2  SO  THAT  IR1  AND  IR  2  DO  NOT  EQUAL  JR1  AND  JR2- 

C 

C  THE  RATIO  IS  (TRACE  2  /  TRACE  1  )  *  (TRACE  3  /  TRACE  4) 

C  DIFFERENCE  IS  (TRACE  2  -  TRACE  1)  -  (TRACE  4  -  TRACE  3) 

C 

C  IF  THE  SAME  TRACE  IS  USED  ON  TWO  CONSECUTIVE  CARDS  THE 

C  WINDOW  MUST  BE  THE  SAME 

IF  (IR2.LE.IR1)  GO  TO  92 
IF  (JR2.LE.JR1)  GO  TO  93 

CALCULATE  WINDOW  STARTING  POINTS 

T  1=  (IWL-1)  *DT 

WRITE  (6,2)  T1,IR1#IWS1,IR2,I  WS2  #  JR  1  ,  JWS  1  ,  JR2#  JWS  2,  DELT 
2  FORMAT  {'1  WINDOW  LENGTH  IS  ',F7. 2,'  MSEC  1 , 2 {/,6 X, 

.'TAPE  1  RECORD  '  ,  13 , '  WINDOW  START  IS  ',15,'  MSEC'), 

-2  (/,6X,  'TAPE  2  RECORD  ' ,  13 ,  '  WINDOW  START  IS  ', 

MSEC')  ,/'  PHASE  WILL  BE  CORRECTED  TO  TIME  DIFFERENCE  ' 
OF  ',F7.2,'  MSEC  BETWEEN  CORRECTION  TRACES.') 

IWS  1=IWS 1/DT+1. 5 
I W  S2=I WS2/DT  + 1 . 5 
JWS1=JWS1/DT+1.5 
JWS  2= JW  S2/DT+ 1 .5 


LOCATE  AND  READ  THE  FOUR  INPUT  RECORDS  AND 
CALCULATE  AMPLITUDE  AND/OR  PHASE  SPECTRA 

IF  (IR1  .EQ.IR1L)  GO  TO  22 
IF  (IR  1 .  NE.IR2L)  GO  TO  31 

NEW  TRACE  1  IS  TRACE  2  FROM  LAST  CALCULATION 
NEW  TRACE  3  IS  THUS  TRACE  4  FROM  LAST  CALCULATION 

DO  21  1=  1 ,  NY 
Y 1  (I)=Y2  (I) 

21  Y3  (I)  =Y4  (I) 

IR  1L=IR1 

IWS 1L= IWS  2L 
JR 1 L= JR  1 
JW  S1L=J WS2L 

READ  A  NEK  TRACE  2  IF  TRACE  1  WAS  USED  ON  LAST 
CALCULATION.  ALSO  READ  THE  NEW  TRACE  4. 

22  IW S 1  =  1 W S 1 L 
J  WS  1=  JWS  1 1 
NSKIP=IR2-IRL-  1 

IF  (NSKIP.NE.O)  CALL  SKIP  (0,NSKIP,  1 , 6  91  ,  £91 , 6  9 1 ) 

READ  (1)  X2 

IRL=IR2 


. 
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IB  2L=I R2 
IWS2L=I WS2 
J=IWS2 

DO  24  1=1  ,  I WL 
Y2  (I )  =  X2  ( J) 

J=J  +  1 

NSKI P= JR2— JRL- 1 

IF  (NSKIP.NE.O)  CALL  SKI P(0, NS KIP, 2, 691 ,691,691) 
READ  (2)  X  4 
J  RL=JR2 
JR2L=JR2 
J  WS  2L=  JWS  2 
J=J  WS2 

DO  25  1=1, IWL 
Y4  (I)  =X4  (J) 

25  J= J+1 

IF  (IWL.EQ.NY)  GO  TC  27 
DO  26  1=1 WLP 1  ,N  Y 
Y 2  (I)  =0.0 

26  Y4  (I)  =0.  0 

CALCULATE  SPECTRA  FOR  NEW  TRACES  2  AND  4 

27  IF  (IWT.  EQ-0)  GO  TO  28 
CALL  TAPER  (Y2,IWL, IWT) 

CALL  TAPER (Y4 , IWL , IWT) 

28  CALL  FFTB2 (L2NY, Y2, Y4) 

GO  TO  (29,29)  ,ISM 

CALL  EANIEL (Y2,NY,FSWID,DT) 

CALL  DANIEL  (  Y4  , NY, FSWID,DT) 

29  CALL  AMEPHZ(L2NY, Y2,IC,PDC2,PFN2) 

CALL  AMPPHZ(L2NY,Y4,IC,PDC4,PFN4) 

GO  TO  (60,30  ,60)  ,ISiy. 

30  CALL  UNWRAP(Y2(MYP2)  ,fl  YM  1) 

CALL  UNWRAP(Y4  (MYP2)  ,MYMl) 

CALL  DANIEL(Y2,NY,FSWID,  DT) 

CALL  DANIEL (Y4, NY, FSWID,DT) 

GO  TO  60 

NEW  TRACES  1  AND  2  (AND  THUS  3  AND  4)  TO  BE  READ 

31  IF  (I R2 .EQ.IR2L)  GO  TO  50 
NS  KI  P=  I R 1  -I  RL  - 1 

IF  (NS  KIP-  NE-  0)  CALL  SKI P(0,N SKIP, 1,69  1,  £91, 691) 

READ  (1)  XI 

I RL=I R 1 

IR  1L=IR  1 

I WS1L=IWS 1 

J=IWS1 

DO  33  1=1, IWL 
Y  1  (I)  =  X1  (J) 

J=J  +  1 

NSKIP=JB1-JRL-1 

IF  (NS  KIP.  NE .  0)  CALL  SKI  P  (0  ,NSKIP  ,  2, 691 , 8S1 ,  &  91 ) 


33 


n  n  o 


READ  (2)  X3 
JRL= JR  1 
JR  1 L=JR 1 
JW  SI L=JWS1 
J=JWS1 

DO  35  1=1, IWL 
Y3 (I) =X3 (J) 

35  J=J+1 

NS  KI  P=I  £2  -IRL-1 

IF  (NS  KIP-  NE-  0 )  CALL  SKIP(0,NSKIP,  1 ,69  1 , 69  1,691) 
READ  (1)  X2 
I RL=I R2 
IR  2L=IR  2 
I WS2L=I WS2 
J=I  WS2 

DO  37  1=1,  IWL 
Y2  (I)  =  X2  ( J) 

37  J=J+1 

NSKI P= JR2-JRL- 1 

IF  (NSKIP.NE.O)  CALL  SKIP  (0  ,NSKIP  ,  2,  €91  ,  &  91 ,  &  91 ) 

READ  (2)  X  4 

JRL=JR2 

JR2L= JR2 

J  WS  2L=  JWS  2 

J=J  WS2 

DO  39  1=1, IWL 
Y4(I)=X4(J) 

39  J=J+1 

IF  (IWL.EQ.NY)  GO  TO  46 
DO  41  1=1 WLP 1 ,N  Y 
Y  1  (I)  =0.0 
Y 2  (I)=0.  0 
Y3  (I)  =0.0 
41  Y4 (I) =0. 0 

CALCULATE  SPECTRA  FOR  4  NEK  TRACES 

46  IF  (IWT.EQ.O)  GO  TO  47 
CALL  TAPER(Y1  ,IWL,I  KT) 

CALL  TAPER  (Y2,  IWL, IWT) 

CALL  TAPER  (Y3, IWL, IWT) 

CALL  TAPER  (Y4  ,  IWL, IWT) 

47  CALL  FFTR2 (L2NY,Y1, Y2) 

CALL  FFTR  2(L2NY,Y3,Y4) 

GO  TO  (48  ,48)  ,ISM 

CALL  DANIEL(Y1,NY,FSWID,DT) 

CALL  DANIEL(Y2,NY,FSWID,DT) 

CALL  DANIEL  (Y3,  NY, FSWID,  DT) 

CALL  DANIEL (Y4, NY, FSWID, DT) 

48  CALL  AMPPHZ(L2NY,Y1  ,IC,PDC1,PFN1) 

CALL  AMPPHZ  (L2NY,  Y2  ,IC,PDC2,PFN2) 

CALL  AMPPHZ (L2 NY, Y3 ,IC, PDC3, PFN3) 

CALL  AMPP  HZ (L 2NY , Y4 ,IC , PDC 4, PFN4) 

GO  TO  (60,49,60)  ,ISM 
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49  CALL  UNWRAP(Y1  (MYP2)  ,  MYMl) 

CALL  UNWRAP(Y2  (MYP2)  ,MYM1) 

CALL  UNW  RAP(Y3  (MYP2)  ,MYM1) 

CALL  UNWRAP (Y4 (MY  P2) , MYMl) 

CALL  DANIEL (Y1, NY, FSWID,DT) 

CALL  D ANIEL ( Y2 ,N  Y ,FSWID, DT ) 

CALL  DANIEL(Y3,NY,FSWID,DT) 

CALL  DANIEL(Y4,  NY,  F  SWID,  DT) 

GO  TO  60 

READ  A  NEW  TRACE  1  IF  TRACE  2  WAS  USED  CN  LAST 
CALCULATION-  ALSO  READ  THE  NEW  TRACE  3- 

50  IWS2=IWS2L 

NS  KI  P=I  El  -IRL-1 

IF  (NS  KIP  -  NE-  0 )  CALL  SKI  P  (  0,  NSKIP  ,  1  ,  69  1 , 69  1 , &9  1 ) 

READ  (1)  XI 

I RL=I R 1 

IR 1L=IR1 

I WS 1L  =  I WS  1 

J=IWS1 

DO  52  1=1 ,  I WL 
Y 1  (I)  =  X1  (J) 

52  J=J+1 

NSKI P= JR1 — JRL- 1 

IF  (NSKIP-NE-0)  CALL  SKI  P  ( 0  rNSKIP  ,  2,  &9 1  ,  &  91  #  &  91 ) 

READ  (2)  X3 

J  RL=JR 1 

JRlL=JRl 

JWS 1L=  JWS  1 

J=J WS1 

DO  54  1=1, IWL 
Y 3  (I )  =X3  ( J) 

54  J= J+1 

IF  (IWL-EQ.NY)  GO  TC  56 
DO  55  I=IWLP1,NY 
Y  1  (I)  =0.0 

55  Y3  (I)  =0.  0 

CALCULATE  SPECTRA  OF  NEW  TRACES  1  AND  3 

56  IF  (IWT.EQ.0)  GO  TO  57 
CALL  TAPER  (Y  1  ,  IWL, IWT) 

CALL  TAPER  (Y2,  IWL, IWT) 

57  CALL  FFTR2  (L2NY ,  Y  1  ,  Y3) 

GO  TO  (58,58)  ,ISM 

CALL  DANIEL (Yl, NY, FSWID,DT) 

CALL  DANIEL(Y3,NY,FSWID,DT) 

58  CALL  AMPPHZ(L2NY,Y1 ,IC,PDC1,PFN1) 

CALL  AMPPHZ(L2NY,Y3,IC, PDC3, PFN3) 

GO  TO  (60  ,59  ,60)  ,ISN 

59  CALL  UNWRAP(Y1  (M  YP2)  ,MYH  1) 

CALL  UNWBAP{Y3  (MYP2)  ,MYM1) 

CALL  DANIE1(Y1,NY,FSWID,DT) 


■ 
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CALL  DANIEL(Y3,NY,FSWID,DT) 

C 

C 

C  CALCULATE  NATURAL  LOGARITHM  OF  RATIO  OF  AMPLITUDE 

C  SPECTRA 

C 

60  GO  TO  (61,61 ,65) , IC 

61  RMIN=0.0 
DO  63  1=1,  M PT S 

RAT  (I)  =ALOG  (Y2  (I)/Y1  (I)  *Y3(I)  /Y4  (I)  ) 

IF  (RAT(I)  .LT.RMIN)  RMIN=RAT  (I) 

63  CONTINUE 
DO  64  1= 1 ,MPTS 

64  RAT(I)  =RAT(I) -RMIN 

CALCULATE  PHASE  DIFFERENCE 

GO  TO  (65,70)  ,IC 

65  DC  66  I  =2 ,  MPTS 
J=  1  +  MY 

66  DIF(I)=Y2  ( J)  -  Y  1  (J)  +  Y 3  ( J)  -Y4  ( J) 

DIF (1) =  PDC2-P  DC1  +PDC3-PDC4 

IF  (MPTS.  EQ.MYP1)  DIF  (MPTS)  =PFN2-PFNl  +  PFN3- PFN4 
PFACT=  (  (JWS2-JWS1)  *DT-DELT)  *0.36*DF 
IF  (DELT.  EQ.0.0)  PFACT  =  0.0 
IF  (PF ACT. EQ.0.0)  GO  TO  68 
DO  67  1=2, MPTS 
PCOR=PFACT*  (1-1  ) 

67  DIF  (I)  =DIF(I)  +PCOR 

68  IF  (ISM.  EQ.  2)  GO  TO  7  0 
DO  69  1=1, MPTS 

IF  (DIF(I)  .LF.-540.0)  DIF  (I)  =DIF  (I) +720. 0 
IF  (DIF  (I)  .GT. 540.0)  D IF  (I)  =DIF  (I)  -  720.  0 
IF  (DIF  (I)  .LE. -180.0)  DIF  (I)  =DIF(  I)  +360. 0 
IF  (DIF(I) -GT.  180.0)  DIF  (I)  =DIF  (I) -3 60. 0 

69  CONTINUE 
C 

C - 

c 

C  PLOT  INPUT  TRACES  IF  REQUESTED  AND 

C  PLOT  RATIOS  AND/OR  DIFFERENCES 

C  OUTPUT  RATIOS  AND  DIFFERENCES  TO  LOGICAL  UNIT  3 

C 

3  FORMAT  ( *  1  PLOT  OF  BLOCK  ^IS,1  TAPE  1») 

4  FORMAT  ( 1  IP  LOT  OF  BLOCK  ',15,'  TAPE  2') 

5  FORMAT  ( *  1 CORR  ECTED  RATIO/DIFFERENCE  OF  BLOCK  ',13, 
.*  TC  BLCCK  ',13,'  IS  BLOCK  ',13,'  ON  TAPE') 

C 

70  IF  (IP1.NE.  1)  GO  TO  72 
WRITE  (6,3)  IR 1 

T 1= (IWS1-1) *DT 

CALL  GRAF  (T1,DT,X1  (IWSl)  ,IWL,3) 

72  IF  (IP2.NE.1)  GO  TO  74 


. 


. 
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WRITE  (6,3)  IR2 
T1  =  (IW  S2-1)  *  DT 

CALL  GRAF  (T1,DT,X2  (IWS2)  ,IWL,3) 

74  IF  (JP  1*  NE.  1 )  GO  TO  76 
WRITE  (6,4)  JR  1 
T1  =  (JW  SI-1) *  DT 

CALL  GRAF  (T1,DT,X3  (JWS1)  ,IWL,3) 

76  IF  (JP2.NE.  1)  GO  TO  80 
WRITE  (6,4)  JR2 
T 1= (JWS2-1) *DT 

CALL  GRAF  (T1,DT,X4  (JWS2)  ,IWL,3) 

80  GO  TO  (81  ,81,8  3)  ,IC 

81  WRITE  (6,5)  IR2  ,  IR  1  ,  IB  LOCK 
WRITE  (3)  RAT 

IBLOCK=  IB  LOCK+1 

CALL  GRAF  (0.0  ,DF, RAT,  MPTS,  1) 

83  GO  TO  (85,10,85) , IC 
85  WRITE  (6,5)  IR2 , IR1 ,1  BLOCK 
WRITE  (3)  DIF 
I BLOCK= IBLOCK+ 1 
CALL  GRAF  (0.0,  DF, DIF, MPTS,  2) 

GO  TO  10 
C 

c - 

c 

C  ERROR  MESSAGES 

C 

91  WRITE  (6,96) 

RETURN 

9  2  WRITE  (6,  97)  IR1,IR2 
RETURN 

93  WRITE  (6,98)  JR1,JR2 
RETURN 

96  FORMAT  ( • -BAD  RETURN  FROM  SKIP  IN  LSR2F  * ) 

97  FORMAT  ('-IR2  MUST  BE  GREATER  THAN  Ifil  •,I5,5X,I5) 

98  FORMAT  ('-JR2  MUST  BE  GREATER  THAN  JR1  *  ,I5,5X,I5) 

99  RETURN 
END 


■ 
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SUBROUTINE  DANIEL  ( X,  N#  FWIND,  DT) 

C 

C  SUBROUTINE  BY  DAVE  GANLEY  DECEMBER  12,  1977. 

C 

C  THIS  SUBROUTINE  CALCULATES  A  DANI ELL-L IKE  SPECTRAL 

C  ESTIMATE  FROM  THE  PER  I  CD  CG  BAM.  THIS  IS  DONE  BY 

C  AVERAGING  ALL  FREQUENCIES  WITHIN  A  WINDOW  CENTRED 

C  ABOUT  THE  DESIRED  FREQUENCY.  SINCE  REAL  AND 

C  IMAGINARY  COEFFICIENTS  (OR  AMPLITUDE  AND  PHASE  VALUES) 

C  ARE  AVERAGED  THIS  IS  NOT  A  DANIELL  POWER  SPECTRAL 

C  ESTIMATE.  ALSO  NOTE  THAT  AT  FREQUENCIES  WITHIN  HALF 

C  OF  THE  WINDOW  WIDTH  OF  DC  CR  NYQUIST  FREQUENCIES  TEE 

C  ESTIMATES  ARE  CALCULATED  BY  AVERAGING  OVER  FEWER 

C  VALUES. 

C 

C  INPUTS: 

C  X  =  INPUT  FOURIER  TRANSFORM  AS  OUTPUT  BY  FFTR1  OR 

C  AMPPHZ.  ON  CUT  PUT  X  CONTAINS  THE  SMOOTHED 

C  SPECTRAL  ESTIMATE  IN  THE  SAME  FORMAT. 

C  N  =  LENGTH  OF  X  (N  IS  2**M  WHERE  M  IS  AN  INTEGER) 

C  FWIND  =  WINDOW  WIDTH  IN  FREQUENCY  DOMAIN  (HERTZ) 

C  DT  =  SAMPLE  INTERVAL  CF  ORIGINAL  TIME  SERIES  (MSEC) 

C 

DIMENSION  X  (N) 

DIMENSION  Y (1024) 

IF  (N.LE.  1024)  GO  TO  10 
WRITE  (6,1) 

1  FORMAT  ('IN  CANNOT  EXCEED  1024  IN  SUBROUTINE  DANIELL') 
STOP  8 

10  N2=N/2 
N22=N2+2 
NP2=N+2 

DF=1000.0/(N*DT) 

M2  =  FWIND/  (2.  0*DF)  +.5 
M2 1=M2+ 1 
M=  2*M  2+ 1 
XM=M 
X  M 1 = M  - 1 

FWID=2. 0*M2*DF 
WRITE  (6,2)  M,  FW  ID 

2  FORMAT  {'  ',13,'  POINTS  USED  IN  DANIELL  WINDOW  ' 

„ ,  'WHICH  IS  A  WIDTH  OF  ',F6-2,'  HERTZ') 

IF  (M2.EQ.0)  RETURN 
DO  19  1=1, N 
19  Y  (I)  =X ( I) 

KE=0 

DO  49  1=1, M2 
II=N22-I 
L=I+N2 
LL=II+N2 
J  E=  M  2 1  - 1 
121=2*1- 1 
II 21=N22-I2 1 
L21=I21+N2 


LL2 1=NP2-I2 1 
XF=XM-JE 
XF1=XF-1.  0 

IF  (I.EQ.  1)  GO  TO  30 
KE=I-1 

DO  29  K  =  1 ,KE 
X(I)=X(I)  +Y(I+K)  +Y(I-K) 

X(II)  =  X  (II)  +Y  (II  +  K)  +Y  (II— K) 

X (L)  =  X(L)  +Y  (L+K) 

X  (LL)  =X  (LL)  +  Y  (LL-K) 

IF  (K-EQ.KE)  GO  TO  29 
X  (L)  =X  (L)  +Y  (L-K) 

X (LL)  =  X  (LL)  +Y  (LL+K) 

29  CONTINUE 

30  DO  39  J=1,JE 

X(I)=X  (I)  +Y  (I21  +  J) 

X(II)  =X(II)  +Y  (1121- J) 

IF  (I.EQ.1)  GO  TO  39 
X  (L)  =X  (L)  +Y  (L21  +  J) 

X  (LL)  =X  (LL)  +Y  (LL21— J) 

39  CONTINUE 

X  (I)  =X(I)  /XF 
X  (II)=X  (II)  /XF 
IF  (I.EQ.  1)  GO  TC  49 
X  (L)  =X(L)  /XF1 
X  (LL)  =X  (LL)  /XF  1 
49  CONTINUE 

IE=N22-M21 

IF  (ii21.GT.IE)  RETURN 
L=M2 1+N2 

DO  59  1= 1 #  M2 

X  (M2  1)  =X  (M21)+Y  (M21+I)+Y  (M2  1-1) 

IF  (M.GT.  N2.  AND.  I.EQ.  M2)  GO  TO  59 
X  (L)  =X(L)  +Y  (L+I) 

IF  (I.EQ.  M2)  GO  TO  59 
X  (L)  =X(L)  +Y  (L-I) 

59  CONTINUE 

X (M2 1 ) =X  (M2 1 )  /XM 
X  (L)  =  X  (L)/XM1 

IF  (M.  GT.N2)  X  (L)  =  X(L)  *XM1/(XM1  -1.0) 

IF  (IE.EQ.M21)  RETURN 

L=IE+N2 

DO  69  1  =  1 r  M2 

X  (IE)  =X  (IE)  +Y  (IE  +  I)  +Y  (IE— I ) 

X  (L)  =X(L)  +  Y  (L-  I) 

IF  (I.NE.M2)  X  (L)  =X  (L)  +Y  (L  +  I) 

69  CONTINUE 

X  (IE)  =X  ( IE)  /XM 
X  (L)  =X  (L)  /XM  1 
IE=IE- 1 
IS=M  21  +  1 

IF  (IS.  GT.  IE)  RETURN 
DO  89  1=1 S  r IE 
L=I+N2 


* 

. 

■ 


DO  79  J=1,M2 
X(I)  =X(I)  +  Y  (I+J)  +  Y(I-J) 
X  (L)  =X  (L)  +Y(L+J)  +Y(L-J) 
CONTINUE 
X  (I)  =X{I)  /XM 
X  (L)  =X(L)  /XM 
CONTINUE 
RETURN 
END 
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SUBROUTINE  UNWRAP  (X,N) 

C 

C  ROUTINE  BY  DAVE  GANLEY  DECEMBER  16,  1977. 

C 

C  THIS  A  SIMPLE  ROUTINE  TO  USE  TO  TRY  AND  UNWRAP  A 

C  PHASE  CURVE  WHERE  THE  PHASE  VALUES  ARE  RESTRICTED 

C  TO  THE  PRINCIPAL  BAND  (-180  TO  180).  IT  ASSUMES 

C  THAT  THE  CURVE  IS  REASONABLY  SMOOTH  AND  THAT  A 

C  CHANGE  IN  PHASE  BETWEEN  ADJACENT  POINTS  CF  180  DEGREES 

C  INDIDCATES  A  MULTIPLE  OF  360  DEGREES  HAS  BEEN  LEFT  OFF 

C  PHASE  VALUES  FROM  THIS  PCINT  ON.  IF  THE  PHASE  JUMPS 

C  AROUND  BY  PLUS  OS  MINUS  180  DEGREES  THEN  THIS  ROUTINE 

C  WILL  NCT  WORK  PROPERLY. 

C 

C  X  IS  THE  PHASE  CURVE  (OF  LENGTH  N)  ON  INPUT  AND  IS 

C  THE  UNWRAPPED  CURVE  ON  OUTPUT 

C 

DIMENSION  X  (N) 

D1=0. 0 
DO  9  1=2, N 

IF  (I-GT.4)  D1  =  (X  (1-1) -X(I-4)  ) /3.0 

IF  (ABS  (X  (I)-X  (1-1) -D1)  .LT.180.0)  GO  TO  9 

JS=I 

IF  (X (I) -GT. X (I- 1 ) )  GO  TO  4 
DC  2  J  =  J S , N 
2  X  (J)  =  X  (J) +360.  0 

GO  TO  7 

DO  5  J=JS,N 
X  (J)  =X(J)  -360.0 
WRITE  (6,8)  JS 

FORMAT  ('  PHASE  CURVE  ALTERED  BY  MULTIPLE  OF  360  ' 

-,  'BEYOND  POINT  '  ,14) 

9  CONTINUE 
RETURN 
END 
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SUBROUTINE  TAPER  (X,N,M) 

C 

C  SUBROUTINE  BY  DAVE  GANL  EY ,  MARCH  8,  1978. 

C 

C  THIS  SUBROUTINE  WILL  APPLY  A  COSINE  TAPER  TO  EACH 

C  END  OF  AN  INPUT  TIME  SERIES. 

C 

C  INPUTS  ARE: 

C  X  =  TIME  SERIES 

C  N  =  LENGTH  OF  X 

C  M  =  NUMBER  OF  POINTS  AT  EACH  END  OF  X  TO  WEIGHT 

C  (MAXIMUM  IS  25) 

C 

C  OUTPUT  IS: 

C  X  =  TAPERED  TIME  SERIES 

C 

DIMENSION  W(25),X(1) 

DATA  ML/0/ 

IF  (M.  GT.25)  GO  TO  4 
IF  (2*H.  GT.  N)  GO  TO  6 
IF  (M.EQ.ML)  GO  TO  2 
T  1=3.  1  41  5  927/  (M+ 1 ) 

DO  1  1=  1,  M 
T2=T1 *1 

1  W  (I) =.5-COS(T2)  /2.0 

2  NP  1=N+  1 

DO  3  1=  1 ,  M 

J=NP 1-1 

X(I)  =X(I)  *W  (I) 

3  X  (J)=X  (J)  *W  (I) 

RETURN 

4  WRITE  (6,5) 

5  FORMAT  ('1  TAPER  CAN  ONLY  WEIGHT  UP  TO  25  TERMS') 
STOP  16 

6  WRITE  (6,7) 

7  FORMAT  ('  1M  CANNOT  BE  LARGER  THAN  N/2  IN  TAPER') 
STOP  16 

END 


. 
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SUBROUTINE  AMPPHZ ( LOG2N  ,  X  ,IC  ,PDC ,  PFN) 

C 

c 

C************************************  *********************** 

c 

C  WRITTEN  BY  DAVE  GANLEY  ON  MAY  19 ,  1977. 

C 

C  THIS  SUBROUTINE  CALCULATES  AMPLITUDE  AND/OR  PHASE 

C  SPECTRA  FROM  THE  REAL  AND  IMAGINARY  PARTS  OF  A 

C  FREQUENCY  SPECTRUM  OR  VICE  VERSA.  THE  INPUT  (OUTPUT) 

C  ARRAY  X  IS  OF  LENGTH  2**LCG2N  WITH  THE  REAL  PARTS  OF 

C  THE  FOURIER  COEFFICIENTS  FOR  FREQUENCIES  ZERC  TO 

C  NYQUIST  IN  THE  FIRST  N/2+1  POSITIONS  OF  X.  THE 

C  IMAGINARY  PARTS  OF  THE  COEFFICIENTS  ARE  IN  POSITIONS 

C  IN  POSITIONS  N/2+2  TO  N  AND  ARE  NOT  STORED  FOR  DC  OR 

C  NYQUIST  FREQUENCY  (WHERE  THEY  ARE  ZERO).  THE  OUTPUT 

C  (INPUT)  ARRAY  HAS  AMPLITUDES  IN  THE  FIRST  N/2+1 

C  POSITIONS  AND  PHASES  (IN  DEGREES)  IN  THE  LAST  N/2- 1 

C  POSITIONS.  PHASES  FOR  DC  AND  NYQUIST  FREQUENCIES 

C  ARE  RETURNED  (SPECIFIED)  IN  PDC  AND  PFN. 

C 

C  IC  =  1  INPUT  IS  FOURIER  COEFFICIENTS. 

C  OUTPUT  IS  AMPLITUDE  AND  PHASE. 

C  =2  INPUT  IS  FOURIER  COEFFICIENTS. 

C  OUTPUT  IS  AMPLITUDE  ONLY. 

C  =3  INPUT  IS  FOURIER  COEFFICIENTS. 

C  OUTPUT  IS  PHASE  ONLY. 

C  =  -1  INPUT  AMPLITUDE  AND  PHASE. 

C  OUTPUT  IS  FOURIER  COEFFICIENTS. 

C 

c**** ********************************************** ******** 

c 

c 

DIMENSION  X(1) 

IF  (LCG2N.LT. 1)  RETURN 
M=1 

DO  9  I=2,LOG2N 
9  M=2*M 

N=  2*M 
MP  1=M  +  1 

IF  (IC.LT.  1)  GO  TO  400 
GO  TO  (1 00,200,300) ,IC 

CALCULATE  AMPLITUDE  AND  PHASE  SPECTRUM 

100  IF  (X  (1)  .GE.0.0)  GO  TO  10  5 
X(1)=-X(1) 

PDC=  180. 0 
GO  TO  110 
105  PDC  =0 . 0 

110  IF  (X  (MP1)  .GE  .0.0)  GO  TO  115 
X(MP1)=-X  (MP1) 

P  FN=1 80.0 
GO  TO  120 


. 
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115  PFN=0 • 0 

120  IF  (L0G2N.EQ.  1)  RETURN 
DO  129  1=2, M 
A=X(I) 

B=  X (I+M) 

X(I)  =SQRT  (  A*A+B*B) 

129  X  (I+M)  =57 .29578  *ATAN2  (B  ,A) 

RETURN 

CALCULATE  AMPLITUDE  SPECTRUM  ONLY 

200  IF  (X  (1).LT.  0.0)  X  (1 )  =-X  ( 1 ) 

IF  (  X  (MP  1 )  .  LT  .0.0)  X  (MP1)  =-X(MPl) 

IF  (L0G2N.EQ.  1)  RETURN 
DC  209  1=2, M 
A=X  (I) 

B=X  (I  +  M) 

209  X  (I)  =SQRT  (  A*A+B*B) 

RETURN 

CALCULATE  PHASE  SPECTRUM  ONLY 

300  IF  (X  (1)- LT.  0.  0)  GO  TO  305 
P  DC=0 . 0 
GO  TO  310 
305  PDC=  1  80.  0 

310  IF  (X  (MP1).  LT.  0.  0)  GO  TO  315 
P  FN=0 • 0 
GO  TO  320 
315  PFN= 1 80. 0 

320  IF  (LOG2N-EQ.  1)  RETURN 
DO  329  1=2, M 
A=X  (I) 

B=X  (I+M) 

329  X  (I  +  M)  =  57.  29578 *A TAN 2  (E,  A) 

RETURN 

CALCULATE  FOURIER  COEFFICIENTS  FROM  AMPLITUDE  AND  PHASE 

400  X  (1)  =X(1)*COS  (PDC/57.  29578) 

X (MP 1 )  =X (MP 1 )  *CO S ( PFN/57.  295  78) 

IF  (LCG2N-EQ-  1)  RETURN 
DO  409  1=2, M 
A=X(I) 

B  =  X  (I+M)  /57. 29578 
X  (I)  =  A*COS  (B) 

409  X  (I+M)  =A*SIN  (B) 

RETURN 

END 


. 

. 


. 
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C 

C 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 


c**** 

c 

c 

c 

c 

c 

c 

c**  ** 

1 


c 


9 


c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 


PROGRAM  BY  DAVE  GANLEY,  NOVEMBER  14,  1  977. 

THIS  PROGRAM  WILL  DO  A  LE AST-SQUAR ES  FIT  OF  A  STRAIGHT 
LINE  TO  DATA  OUTPUT  BY  NY  SPECTRAL  RATIO  PROGRAM  FOR 
THE  PURPOSE  OF  ESTIMATING  Q.  IT  CAN  ALSO  OUTPUT  THE 
DISPERSION  CURVE  CORRESPONDING  TO  THE  PHASE  DIFFERENCE 
CURVE  OUTPUT  BY  THE  SPECTRAL  RATIO  PROGRAM  AND  PRODUCE 
LINE  PRINTER  GRAPHS  AND  CALCOMP  PLOTS. 

SUBROUTINES  CALLED: 

1.  SLOPE 

2.  GRAF  (MAKES  LINE  PRINTER  PLOTS) 

3.  UNWRAP 

4.  CALCOMP  PLOTTER  ROUTINES 

DIMENSION  X  (257)  ,Y  (2  60)  ,C  (1  03)  ,F  (1  03) 

DATA  PI/3. 141593/, IBL/0/ 

READ  (5,1)  N, DF, FN,I CALC 

N  =  NUMBER  OF  POINTS  IN  A  RECORD  ON  TAPE 
(LOGICAL  UNIT  1) 

N  CANNOT  EXCEED  257 

DF  =  FREQUENCY  INTERVAL  (HZ)  BETWEEN  INPUT  POINTS 

FN  =  NYQUIST  FREQUENCY  FCR  THIS  DATA 

ICALC  =  1  MEANS  THAT  CALCOMP  PLOTS  ARE  TO  BE  MADE 


FORMAT  (5X,I5,F1  0.  0,F5-0,I5) 

IF  (N.  GT.257)  GO  TC  91 

DC  9  1=1,  N 
X  (I)=  (I-  1 )  *DF 
IF  (ICALC. NE.  1)  GO  TC  10 
CALL  PLOTS 

CALL  PLOT  (2.  0,2.  0,-3) 

READ  (5,2  ,END=99 )  IB, IS A, ILA, I QPC, I SP, ILP, DELZ,DELT 
, FZERO, PSTAT , ICPC , ICP  L, IQPL 


IB  = 

ISA 

ILA 

IQPC 

ISP 


ILP 

DELZ 

DELT 


NUMBER  OF  BLOCK  CONTAINING  LOG  SPECTRAL  RATIO  DATA 
THIS  REFERS  TC  LCGICAL  UNIT  1 
FIRST  POINT  TO  USE  IN  ANALYSIS  OF  AMPLITUDE  DATA 
LAST  POINT  TO  USE  IN  ANALYSIS  CF  AMPLITUDE  DATA 
=  1  MEANS  PLOT  AMPLITUDE  DATA  AND  REGRESSION  LINE 
ON  CALCOMP 

FIRST  POINT  TO  USE  IN  ANALYSIS  OF  PHASE  DATA 
0  OR  BLANK  MEANS  DON'T  CALCULATE  DISPERSION  CURVE 
IF  A  DISPERSION  CURVE  IS  TO  BE  CALCULATED  THEN 
THE  PHASE  CURVE  MUST  BE  IN  THE  BLOCK  IMMEDIATELY 
BEHIND  THAT  CONTAINING  THE  AMPLITUDE  DATA. 

LAST  POINT  TO  USE  IN  ANALYSIS  OF  PHASE  DATA 
=  DISTANCE  BETWEEN  RECEIVERS  FOR  THIS  DIFFERENCE 
=  TIME  DIFFERENCE  BETWEEN  ANALYSIS  WINDOW  STARTS 
FOR  THIS  PHASE  DIFFERENCE. 

=  LOWEST  FREQUENCY  AT  WHICH  PEASE  CURVE  IS  ZERO. 


FZERC 


- 


. 
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C  AT  THIS  FREQUENCY  PHASE  VELOCITY  IS  DELZ/DELT. 

C  THIS  IS  aSED  IN  PLOTTING  THE  DISPERSION  CURVE. 

C  PSTAT  =  REMOVE  A  PHASE  OF  PSTAT*FR EQUENCY  DEGREES  FROM 

C  THE  PHASE  CURVE  BEFORE  ANALYSIS. 

C  ICPC  =  1  MEANS  TO  PLOT  DISPERSION  DATA  AND  THEORETICAL 

C  DISPERSION  CURVE  ON  CALCOM?  PLCTTER. 

C  ICPL  =  1  MEANS  PLOT  DISPERSION  CURVE  ON  LINE  PRINTER 

C  I QPL  =  1  MEANS  PLOT  Q  VERSUS  FREQUENCY  CURVE  ON  PRINr  ER 

C  **** 

2  FORMAT  (5X,6I5,4F5. 0,315) 

IF  (ISA. EQ. 0)  IS A=1 
IF  (ILA.EQ.O)  ILA=K 
IF  (ISA.GE.ILA)  GO  TO  93 
IF  (FZEBC.EQ.0.0)  FZ  ERO=FN 

CALCULATE  SLOPE  OF  LOG  SPECTRAL  RATIO  PLOT 
NSKI P=IB -IBL-1 

IF  (NS  KIP.  NE.  0)  CALL  SKIP  (0,  NSKIP  ,  1  ,S9  5 , 89  5,  S95) 

READ  (1)  (Y (  I)  ,I=1#N) 

IBL=IB 
MA=ILA-ISA+ 1 

CALL  SLOPE  (X  (ISA)  ,  Y  (ISA )  ,  MA,  S,  SD,  YI#  YI  D) 

WRITE  (6,3)  IB, ISA  ,ILA  ,S  ,SD  ,  YI,  YID 

3  FORMAT  ( ' 1BLOCK  «,I3,*  POINTS  ',13,'  TC  ',I3,/,6X, 
.•SLOPE  =  • , E 1 0. 4 , 5X, 1  STD  DEV  =  • , El  0.  4 ,/,6X , 
.•INTERCEPT  =  • ,E10-4,5X,'STD  DEV  =  *,E10.4) 

IF  ( I  Q PC .  NE  -  1 )  GO  TO  25 

MAKE  CALCOMP  PLOT  CF  AMPLITUDE  DATA 

IT  1=X  (ISA)  /I  0.0 
IT  1=  10*  IT  1 
IT2=X(ILA)  /10.0+1.  0 
IT2=IT2*1  0 
IT3=  IT  2-  IT  1  ♦  1 
T=  1 . 0 

IF  (IT3.GT.  101)  T=  2.  0 
IF  (IT3.GT.201)  T=4. 0 

13  IF  (IT3. GT.  401)  STOP  13 
IT3=IT3/T+.  8 

DO  15  1=1 , IT3 
F  (I)  =  (I  —  1 )  *T*IT1 
C(I)  =-  (YI+F  (I)  *S) 

IF  (C(I)  .GT.  0.  0)  C(I)=0.0 
15  CONTINUE 

F  (IT3  +  1)  =  F  (1) 

F  (IT3  +  2)  =10.  *T 
FLEN=  (F  (IT3)  -  F(  1)  )  /F(IT3+2) 

Y  (ILA+  1  )=— C  (1) 

CALL  SCALE  (  Y  (ISA  )  ,7.  0,  MA+  1,1) 

C  (IT3+1)  =— Y  (ILA  +  2)  -7. 0*  Y  (ILA  +  3) 

C  (IT 3+2)  =Y  (ILA+3) 

CALL  AXIS2(0. 0,0.0,  'LOG  OF  AMPLITUDE*  ,-  16  ,7 . 0  ,0-  0  , 


. 
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.-C  (IT3+1),-C  (IT3+2)  ,1-0) 

CALL  AXIS2(7.0,0.  0  , '  FREQU ENCY  (HZ)  1  ,-14  ,  FLEN,90.  0, 

-F  (IT3+ 1)  ,  F(IT3  +  2)  ,1-0) 

CALL  PLOT (7.0,FLEN,3) 

CALL  PLOT  (0.  0,FLEN,2) 

CALL  PLOT  (0.0,0.  0,2) 

CALL  SYMBOL  (-1  -0,0-0  ,0.  20,  'BLOCK1, 90-0,5) 

T=IB+ . 05 

CALL  NUMBER  (-  1.  0,1.2,  0-2  0,  1,90.0,-1) 

T=  (C  ( 1)  -C  (IT  3+ 1)  )/C  (IT3+2) 

CALL  PLOT (T, 0.0,3) 

CALL  LINE  (C,F,IT3,  1,  0) 

DO  19  I=ISA  ,  I  LA 

XP=  (Y  (I)  +C  (IT3  +1)  )/  (-C  (IT3+2)  ) 

Y P=  (X  (I)  -F  (I  T3  +  1)  )  /F  ( IT3  +  2) 

19  CALL  SYMBOL(XP,YP,  0.1  0,4, 90 -0,-1) 

IF  (ICPC-NE-  1-OE-ISP.  EQ.  0)  GO  TO  22 
CALL  PLOT  (0-0,15-0  ,-3) 

GC  TO  25 

22  CALL  PLOT  (10.  0,0.  0,-3) 

25  IF  (ISP-  EQ-  0 )  GO  TC  10 

CALCULATE  DISPERSION  CURVE 

IF  (ILP.EQ.0)  ILP=ILA 
IF  (ISP.GE.ILP)  GO  TO  93 
READ  (1)  (Y(I),I  =  1,N) 

IBL= IB  L+ 1 
WRITE  (6,4) 

4  FORMAT  ('-FREQUENCY'  ,5X, 'PHASE  VELOCITY') 

IN  CALCULATING  THE  DISPERSION  CURVE  FROM  THE  PHASE 
SPECTRUM  I  AM  USING  ROUTINE  UNWRAP  TO  UNWRAP  THE  PHASE 
CURVE  IF  IT  IS  LIMITED  TO  THE  PRINCIPAL  BAND  (-180  TO 
180).  I  AM  ALSO  REMOVING  A  LINEAR  TREND  BY  SUBTRACTING 
PS  TAT*  FREQUENCY  DEGREES  FROM  THE  PHASE  CURVE- 

CALL  UNW  RAP  (Y  ,  N) 

DELT=DELT-PST AT/36  0-0 
DO  29  1= ISP, I LP 
PHZ= Y  (I)  -  X  ( I)  *  PSTAT 
Y  (I)  =DELZ/(DELT-PHZ/(360.G*X(I)  )  ) 

29  WRITE  (6,5)  X(I),Y(I) 

5  FORMAT  (•  '  ,  E12-6  ,5X,E10.  4) 

IF  (ICPC-NE. 1)  GO  TO  40 

MAKE  CALCOMP  PLOT  CF  DISPERSION  CURVE 

M  P=  IL  P— I S  P+  1 
IT  1=X  (ISPJ/10.0 
ITl  =  1 0* IT  1 
IT2=X  (ILP)  /I  0  -  0+  1.  0 
IT  2=IT  2*  10 
IT3=I 12- IT  1  +  1 


w\ 


. 
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T=  1.  0 

IF  (IT3.  GT.  10  1)  T=  2-  0 
IF  (1 13-  GT-  20  1)  T=  4-  0 
32  IF  (IT3-GT-4  01)  STOP  32 
IT3=IT3/T+.  8 
QB=— P I*  DELT/S 
Cfi=DELZ/DELT 
F  (1)  =IT1 

C  (1)=-CE/  (1.  O+ALOG  (FZEEO* 1000.0)  /(PI*QR)  ) 

IF  (F(1)  -NE.  0.0)  C  (1 )  =-CR/  (1  . 0-ALOG  (F  ( 1 )  /FZEEO)  /  (P  I*QR)  ) 
DO  35  1=2,113 
F  (I)=  (1-1)  *T+IT1 

35  C(I)  =— CR/  (1.0-ALOG  (F  (I) /FZEEO)  /(PI*QR)  ) 

F  (IT3+1)  =F ( 1 ) 

F  (IT  3+  2)  =  10.  *T 

FLEN=  (F  (IT3)  -  F  (1)  ) /F  (IT  3+ 2) 

Y  (ILP+1)  =-C  (IT3) 

CALL  SCALE(Y  (ISP)  ,3.0,MP+1,1) 

C  (IT3  +  1)=-Y  (ILP+2)  -3 . 0*Y  (ILP+3) 

C  (IT3  +2)  =Y  (ILP  +  3) 

IF  (C  (1)  .GT.  (C(IT3 +1)  +7.0+C  (IT3+2)  )  )  C  ( 1 )  =C  (IT3  + 1) 

.  +7. 0  *C  (IT  3+2) 

CALL  AXIS2  (0.0,0.  0, 'VELOCITY', ~8#7. 0,0.0, -C(IT3+1)  , 

. -C  (IT3  +  2)  ,1.0) 

CALL  AXIS2  (7.  0,  0.  0,  •  FREQUENCY  (  HZ)  '  ,- 14  ,FLEN,  90  .  0, 

.  F  ( IT3  +  1)  ,F  (IT  3+  2)  ,  1.  0) 

CALL  PLOT  (7 . 0  ,  FL  EN  ,3) 

CALL  PLOT (0.0,FLEN,2) 

CALL  PLOT  (0.0,0.  0,  2) 

CALL  SYMBOL  (-  1. 0  ,0.0 , 0.  20,  'BLOCK'  ,  90.0,5) 

T=I BL+ .05 

CALL  NUMBER (-1 .0,1.2,0.20  ,T,90. 0,- 1) 

T=  (C  (  1)  -C  (IT  3+1)  )/C  (IT3+2) 

CALL  PLOT (T,0 .0,3) 

CALL  LINE  (C,F,IT3,  1,0) 

DO  39  I=ISP,ILP 

XP=  ( Y  (I)  +C  (IT3  +  1)  )/(-C  (IT3+2)  ) 

YP=  (X  (I)  -F  (IT3  +1)  )/F  (IT3+2) 

39  CALL  SYMBOL (XP,YP*0. 10,4,90.0,-1) 

IF  (IQPC.EQ.  1)  CALL  PLOT(  0. 0, -1  5. 0  ,-3) 

CALL  PLOT(10. 0,0. 0,-3) 

PLOT  DISPERSION  CURVE  ON  LINE  PRINTER 

40  IF  (ICPL.NE. 1)  GO  TO  42 
F1=DF* (ISP-1) 

MP=IL  E-ISP+1 
DELT=DELT+PS TAT/360. 0 

WRITE  (6,6)  IBL,DELZ,DELT,  FZERO, PSTAT 
6  FORMAT  (' 1  DISPERSION  CURVE  FOE  BLOCK  ',I3,/,6X, 

.  'DELZ  =  ,,F10.4,5X,*DELT  =  ■  ,F1 0. 4 ,5X,  »FZERO  =  •, 

.  F6 . 1  ,  5  X,  1  PSTA  T  =  »,F10.4) 

CALL  GRAF(F1,DF,Y(ISP),MP,1) 


. 
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PLOT  Q  VERSUS  FREQUENCY  CURVE  ON  LINE  PRINTER 

42  IF  (IQPL.NE.  1)  GO  TO  10 
IF  (ISA-LT. ISP)  ISA=ISP 
IF  (ILA-GT.ILP)  ILA=  ILP 
MA=ILA— ISA+ 1 

DO  44  I=ISA,ILA 

44  Y  ( I)  =-PI*DELZ/  (Y  (I)  *S) 

FI =DF  * (ISA-1 ) 

WRITE  (6,7)  IB 

7  FORMAT  ('IQ  VERSUS  FREQUENCY  CURVE  FOR  BLOCK  ',13) 
CALL  GRAF(F1,DF,Y(ISA),MA,1) 

GO  TO  10 

91  WRITE  (6,92) 

92  FORMAT  ('IN  CANNOT  EXCEED  257') 

GO  TO  99 

93  WRITE  (6,94) 

94  FORMAT  ('1ISA  (ISP)  MUST  EE  LESS  THAN  I  LA  (IIP)') 
GO  TO  99 

95  WRITE  (6,96) 

96  FORMAT  ( '  1BAD  RETURN  FROM  SKIP') 

99  IF  (ICALC.EQ.  1)  CALL  PLOT  (0 ,0 , 0~ 0  ,999) 

STOP 

END 
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C 

C 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 


SUBROUTINE  SLOPE  (X,Y,N,S,SD,B,BD) 

SUBROUTINE  BY  DAVE  GANLEY,  NOV  14,  1977. 

THIS  SUBROUTINE  WILL  CALCULATE  THE  LEAST  SQUARES 
ESTIMATE  OF  THE  EQUATION  OF  A  STRAIGHT  LINE  THROUGH 
N  DATA  POINTS. 

INPUTS: 

X  =  ARRAY  OF  X  COORDINATES  OF  THE  POINTS 

Y  =  ARRAY  OF  Y  COORDINATES  OF  THE  POINTS 

N  =  NUMBER  OF  INPUT  POINTS  (N  MUST  BE  AT  LEAST  3) 

OUTPUTS: 

S  =  LEAST  SQUARES  ESTIMATE  OF  THE  SLOPE 
SD  =  ESTIMATE  OF  THE  STANDARD  DEVIATION  OF  S LOPE 
B  =  LEAST  SQUARES  ESTIMATE  OF  THE  Y  INTERCEPT 
SB  =  ESTIMATE  OF  THE  STANDARD  DEVIATION  OF  B 

THEORY  TAKEN  FROM  ELEMENTS  OF  STATISTICAL  INFERENCE  BY 
DAVID  V  HUNSTBERGER  (PUB  BY  ALLYN  AND  BACON,  1967)  ON 
PAGES  255  TO  263. 

DIMENSION  X  (N)  ,Y  (N) 

IF  (N.LT.3)  GO  TO  6 
XN=N 

XN2=XN-2.  0 
SUM X=0. 0 
SUMX2=0.0 
S  UMY=  0. 0 
SUM  Y 2=0. 0 
SUMXY=0. 0 

DO  1  1=1, N 
SUMX=SUMX+X (I) 

S  UMX2=SU  MX2  +  X (I)  *X(I) 

SUMY=SUMY+Y  (I) 

SUMY2=SUM  Y2 Y  (  I)  *  Y  ( I) 

1  SUMXY=SUMXY+X  (I)  *Y(I) 

SXY=SUMXY-SUMX*SUMY/XN 
SX2=SUMX2— SUM  X*SUM  X/XN 
S Y2=SUMY2-SUMY* SUMY/XN 
S=SXY/SX2 

SD=(SY2-S*SXY)/  (SX2*XN2) 

B  =  (  SUMY- S* SUM  X)  /XN 

BD=  (SD*SX2+SD*SUMX*SUMX/XN)  /XN 

SD=SQRT  (SD) 

BD=SQRT(BD) 

RETURN 

6  WRITE  (6,7) 

7  FORMAT  (M  SUBROUTINE  SLOPE  REQUIRES  N  GREATER  THAN  2') 
STOP  7 

END 
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C 

C  LOG  SMOOTH  1  WRITTEN  BY  DAVE  GANLEY  JULY  5,  1977. 

C 

C  THIS  PROGRAM  WAS  WRITTEN  TO  SMOOTH  WELL  LOGS  AND  TO 

C  ALLOW  FOR  THE  CORRECTION  OF  THE  RAW  LO GS  BASED  ON 

C  INTEGRATED  MEASUREMENTS  (IE  CHECK  SHOTS  FOR  A 

C  VELOCITY  LOG).  THIS  CORRECTION  IS  MADE  PRIOR  TO 

C  SMOOTHING. 

C 

C  INPUT  FILES: 

C  IIS  THE  RAW  LOG  (SEQUENTIAL  FILE) 

C  2  IS  THE  INTEGRATED  CORRECTION  VALUES 

C  OUTPUT  FILES 

C  3  IS  THE  SMOOTHED  LOG  (SEQUENTIAL) 

C  4  CONTAINS  LAYER  THICKNESSES  AND  LOG  VALUES  OF 

C  SMOOTHED  LOG 

C  8  IS  THE  ADJUSTED  LCG  F  RCM  INTEGRATED  VALUES 

C  (SEQUENTIAL) 

C  9  IS  THE  FILTERED  ADJUSTED  LCG  (SEQUENTIAL) 

C 

C 

C  SUBROUTINES  CALLED: 

C  1.  LCPASS 

C 


DIMENSION  XLOG  (12001)  ,XLINT  (240)  ,IDEPI  (240)  ,XLOGI(240) 
READ  (5,1)  N ,IDS ,DCUT ,XP 
IF  (N.GT.  12000)  GO  TO  91 
1  FORMAT  (215 , 2F5. 0) 


C  **** 
C 

c 

c 

c 

c 

c 

c 

c 


N  =  NUMBER  OF  INPUT  LOG  VALUES 
IDS  =  DEPTH  OF  FIRST  LOG  VALUE 

DCUT  =  A  GIVEN  LAYER  THICKNESS  IN  FEET  WHICH  SPECIFIES 
THE  CUTOFF  THICKNESS  FOR  A  LOW  PASS  FILTER. 
LAYERS  THINNER  THAN  DCUT  WILL  BE  FILTERED  OUT. 

=  0.0  PERFORM  NO  FILTERING 
XP  =  PERCENT  CHANGE  IN  XLCG  THAT  IS  RECOGNIZED  AS  A 
A  NEW  LAYER 

READ  (1)  (XLOG  (I)  ,1=1, N) 

XLOG  =  LOG  VALUES  EVERY  FOOT  FROM  IDS  TO  THE  BOTTOM  OF 
LOG.  A  MAXIMUM  OF  12000  VALUES  ARE  ALLOWED. 

THE  LOG  VALUE  APPLIES  TO  PRECEDING  FOOT. 


WRITE  (6,2)  N, IDS, DCUT, XP 

2  FORMAT  ( '  1 '  ,15,  •  LOG  VALUES  READ  FROM  A  START  DEPTH  OF' 
.,15,/*  CUTOFF  THICKNESS  =  ',F5.2,/»  PER  CENT  CHANGE  =  • 
-, F5.2) 

XP=XP/100.0 

DO  15  1=1,24  0 


NI=I 

15  READ  (2,8,  EN D=2 0)  IDEP  I  (I)  , XLOGI  (I) 
8  FORMAT  (15, FI  0.0) 


C**** 
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IDE  PI ,  XLOGI  =  INTEGRATED  VALUE  OF  XLOG  TO  A  DEPTH  OF 

IDEPI  STARTING  FROM  THE  TOP  OF  THE  LOG. 
A  MAXIMUM  OF  240  VALUES  ARE  ALLOWED. 

** 

N  1=240 
GO  TO  21 

20  NI=NI-1 

IF  (NI.EQ-0)  GO  TO  3  0 

ADJUST  LOG  BASED  ON  INPUT  INTEGRATED  LOG  VALUES 

21  WRITE  (6,3)  NI 

3  FORMAT  (»-,,I3,  »  INTEGRATED  VALUES  OF  LOG  READ') 

XI=0.0 

XLI=0. 0 
J=0 
JL=  1 

I  EI=IDS-  1 

DO  29  1=1, NI 
XL  CGI  (I)  =XLOGI  (I)  -XLI 
23  ID 1= IDI+ 1 

J=J  +  1 

XI=XI+  XLO G  (J) 

IF  (IDEPI  (I)  .EQ.IDI)  GO  TO  25 
GO  TO  23 

25  XFACT=  (XLOGI  (I)-XI)/ (J-JL+1) 

DO  27  K=JL,J 

27  XLCG(K)  =XLOG  (K) +XFACT 

XLI=  X  LOG I (I) +XLI 
JL= J  + 1 
XI=0.0 

29  WRITE  (6,4)  I DEPI  (I)  , XFACT 

4  FORMAT  ( 1 0C OR RECTI  ON  FACTOR  TO  A  DEPTH  OF  ',15,'  IS  • 
., F10. 6) 

WRITE  (8)  (XLOG(I)  ,1=1, N) 

INTEGRATE  LOG  IN  50  FOOT  INTERVALS  PRIOR  TO  FILTERING 

30  IF  (DCUT.EQ.0,0)  GO  TO  50 

LE=50 

J=  1 

DO  3  9  1=  1  ,N,  50 
IF  (  (J+49)  .  GT.N)  LE=N-J+1 
K= 1 +1/50 
XLINT  (K)  =0-  0 
DO  35  L=  1 ,  LE 

XLINT (K)  =  XL INT  (K)  +XIOG  (J) 

35  J=J+1 

39  CONTINUE 

FILTER  LOG 

DFCUT=. 5/DCUT 

CALL  LOPASS  (DFCUT,  1000.  0,  1,XLOG,N) 


. 


230 


C 

C  ADJUST  LOG  AFTER  FILTERING  TO  AGREE  WITH  INTEGRATIONS 

C  OVER  50  FOOT  INTERVALS  MADE  BEFORE  FILTERING 

C 

WRITE  (6,10) 

10  FORMAT  ( 1  1  •) 

L  E=50 
J=1 

DO  49  1=1 ,  N,  5  0 

IF  (  ( J+49) - GT  *  N)  LE=N- J+1 

K= 1+1/50 

XI=0.0 

DO  43  L=1 ,  L  E 
XI=XI  +  X LOG  (J) 

43  J=J+1 

XFACT=XLINT(K)  /XI 
ID=J+IDS-2 

WRITE  (6,4)  ID,  XF  ACT 
J=J-LE 

DO  47  L=1 ,LE 
XLCG  (J)  =XLOG  (J)  *XFACT 
47  J=J  +  1 

49  CONTINUE 

WRITE  (9)  (XLOG(I)  ,1=1, N) 

C 

C  BLOCK  LOG  INTO  LAYERS 

C 

50  WRITE  (6,10) 

XI=0. 0 

ID  1=0 
IS=1 

ID=IDS-1 

XLCG  (N+1)  =XLOG  (N) 

IDIL=0 
XIL=0 . 0 
X  AL  =  0 -  0 

DO  59  1=1, N 
XI=XI+XLOG  (I) 

I DI=IDI+1 

X  A=XI/I DI 

XT=ABS  (XLOG  (I+1)-XA) 

IF  (XT/XA.  LT.XP)  GO  TO  59 
XT=ABS  (XA-XAL) 

IF  (XT-GE.  XP*  XAL)  GO  TO  53 

IDIL=IDI+I DIL 

XIL=  XIL+XI 

XAL=XIL/IDIL 

I  DI=0 

XI  =  0.  0 
GO  TO  59 

53  I  E=  I-  IDI 

IF  (IE-EQ-0)  GO  TO  57 
DO  55  J=IS,I  E 
55  XLOG (J) =XAL 
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WRITE  (6,5)  ID,  IDIL,  XAL 

5  FORMAT  («  DEPTH  TO  TOP  =  1 ,15,  ■  THICKNESS  =  ',15, 

•  LOG  VALUE  =  '  ,F  1 2-  6) 

WRITE  (4,6)  IDIL, XAL 

6  FORMAT  (I  5,  FI  0.4) 

57  ID=ID+IDIL 

I  S=I S+IDIL 

IDIL=IDI 

XIL=XI 

XAL=XA 

IDI=0 

XI  =  0.  0 

59  CONTINUE 

XT=ABS ( XA- XAS ) 

IF  (XT.GE.XP*XAS)  GO  TO  61 
IDI=IDI+IDIL 
XI=XI+XII 
XA=  XI/ID I 
GO  TO  65 
61  IE=I-IDI 

DO  63  J=IS , IE 
63  XLOG  (  J)  =XA  L 

WRITE  (6,5)  ID, IDIL, XAL 
WRITE  (4,6)  IDIL, XAL 
IS=IS  +IDIL 
I  D=ID+  IDIL 
65  IE =1—1 

DO  67  J=I  S,  IE 
67  XLOG  ( J)  =  XA 

WRITE  (6,5)  ID,IDI,XA 
WRITE  (4,6)  IDI,XA 
WRITE  (3)  (XLOG  (I)  ,1  =  1, N) 

WRITE  (6,7) 

7  FORMAT  ( • -SMOOTHED  LOG  WRITTEN  TO  OUTPUT  FILE*) 

GO  TO  99 

9  1  WRITE  (6,  92) 

92  FORMAT  ('1  A  MAXIMUM  OF  12000  LOG  VALUES  IS  ALLOWED*) 
99  STOP 
END 
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SUBROUTINE  LOPASS  (FC  ,DELT,IG,X,  N) 

C 

C  SUBROUTINE  BY  DAVE  GANLEY  ON  JULY  4,  1977- 

C 

C  THE  PURPOSE  OF  THIS  SUBROUTINE  IS  TO  DESIGN  AND 

C  APPLY  A  RECURSIVE  EUTTERWORTH  LOW  PASS  FILTER 

C  (KANASEWICH,  TIME  SERIES  ANALYSIS  IN  GEOPHYSICS , 

C  UNIVERSITY  OF  ALBERTA  PRESS,  1975;  SHANKS,  JOHN  L.  , 

C  RECURSION  FILTERS  FOR  DIGITAL  PROCESSING,  GEOPHYSICS, 

C  V CL  32,  PP  33-51,,  1967). 

C 

C  THE  FILTER  WILL  HAVE  8  POLES  IN  THE  S  PLANE  AND 

C  IS  APPLIED  IN  FORWARD  AND  REVERSE  DIRECTIONS  SO  AS 

C  TO  HAVE  ZERO  PHASE  SHIFT-  THE  GAIN  AT  CUTOFF 

C  FREQUENCY  WILL  BE  -6  DB  AND  THE  ROLLOFF  WILL  BE  ABOUT 

C  96  DB  PER  OCTAVE,  A  BILINEAR  Z  TRANSFORM  IS  USED 

C  IN  DESIGNING  THE  FILTER  TO  PREVENT  ALIASING  PROBLEMS, 

C 

COMPLEX  P  (8)  ,S  (8) 

DIMENSION  D  (8)  ,X  (1),XC  (3)  ,XD(3)  ,XE(3) 

DATA  F COL D/0 - 0/,TWOPI/6, 2831853/ 

C 

C  THIS  SECTION  CALCULATES  THE  FILTER  AND  WILL  BE  SKIPPED 

C  IF  FC  IS  THE  SAME  AS  IT  WAS  ON  THE  PREVIOUS  CALL. 

C 

C  FC  =  CUTOFF  FREQUENCY  (6  DB  DOWN) 

C  DELT  =  SAMPLE  INTERVAL  IN  MILLISECONDS 

C  IG  =  1  MEANS  TO  REMOVE  THE  FILTER  GAIN  SO 

C  THAT  THE  GAIN  IS  UNITY 

C  X  =  DATA  VECTOR  TO  BE  FILTERED 

C  N  =  LENGTH  OF  X 

C 

IF  (FC.EQ.FCOLD)  GO  TO  31 
FCCLD=FC 

WRITE  (6,1)  FC,  DELT 

1  FORMAT  (»  1  LOW  PASS  FILTER  DESIGN  FOR  A  CUTOFF  ', 
-'FREQUENCY  OF  ',F8.3,'  HERTZ.',//'  SAMPLE  INTERVAL  IS  ' 
.  ,  F5-  2,  '  MILLISECONDS.') 

ET=DELT/  1000. 0 
TDT=2 . 0/DT 
FDT=4. 0/DT 
FDT2=  TDT*TDT 

P  (1)  =CMPLX(-.  19  50  9032,,  98  078  528) 

P (2) =CMPLX(-,1 95 09 032, -.98078 5 28) 

P  (3)=CMPLX  (-.  55557  023,-83146  961) 

P  (4)  =  CMP  LX  555  57023,-,  83146961) 

P  (5)  =C MPLX  (--  83146  96  1  ,-55  557023) 

P  (6) =CMPLX (-.  831 46 961 ,-.5  5557023) 

P  (7)  =CMPLX  (--9  80  78  52  8,-  19509032) 

P  (8)  =  CMP  LX  (-.  98078  528,-.  19509032) 

WC=TWOPI*FC 
WC=TDT*TAN  (WC/TDT) 

DO  19  1=1,8 
19  S(I)=P(I)*WC 
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WRITE  (6,2)  S 

2  FORMAT  ( •  — S  PLANE  POLES  ARE  AT:*,/'  ',&(/'  ',E12.6, 

-  '  +  I  ' , E12 .6) ) 

G=  1.  0/WC 
G=G*G 
G=G*G 
G=G*G 

DO  29  1=1,7, 2 
T1=REAL  (S  (I)  ) 

T2  =  AIM AG  (S(I)  ) 

T  2=T 1  *T  1 +T2  *T2 
A=FDT  2+T 2-T 1*FDT 
D  (I)  =  (T2— FDT  2)  *  2-  0/A 
D  (1+1)  =(FET2+T2  +  T1*FDT)  /A 
29  G=  G*A 
G=G*  G 

WRITE  (6,3) 

3  FORMAT  ( •  -FILTER  IS  (1+Z)**8  /  B  1*B2*B3*B4  ' ) 

WRITE  (6,4)  D 

4  FORMAT  (4  (/'  B  (I)  =  1  +  ',E12.6,'  Z  +  ',E12.6,'  Z**2')) 

WRITE  (6,5)  G 

5  FORMAT  ('-FILTER  GAIN  IS  ',E12.6) 

IF  (IG.  EQ.  1)  WRITE  (6,6) 

6  FORMAT  ('-FILTER  GAIN  IS  REMOVED  TO  GIVE  UNITY  GAIN') 

APPLY  FILTER  IN  FORWARD  DIRECTION 

31  XM2=X  (1) 

XM  1=  X  (2) 

XM=  X  (3) 

XC (1) =XM2 

XC  (2)  =XM1+2.0*XM2-E(1)  *XC  (1) 

XC  (  3)  =X  M  +  2-  0*  XM1  +  X  M2 -D ( 1 )  *XC(2)  -D(2)  *XC  (1) 

XD  ( 1 )  =XC  (1) 

XD  (2)  =XC  (2)  *2 .0*XC(1)-D(3)*XD  (1) 

XD  (3)  =  XC  (3)  +2.  0*XC  (2)  +XC(1)-D(3)  *XD(2)-D(4)*XD  (1) 

XE(1)  =XD(1) 

XE  (2)  =XD  (2)  +  2 .0*XD  (1)  -D  (5)  *XE  (1) 

XE  (3)  =XD  (3)  +2. 0*XD  (2)  +XD(  1)  -D(5)  *  XE  (2)  -D  (6  )  *XE  (1) 

X  ( 1 )  =  XE  (  1) 

X  (2)  =XE  (2)  +  2.0*XE(1)-D  (7 )  *X  ( 1) 

X  (3)  =XE  (3)  +2 . 0*XE  (  2)  *XE(1)  -D(7)  *X  (2) -  D  (8)*X  (1) 

DO  39  1=4, N 
XM2=XM1 
XM1=XM 
XM=  X  (I) 

K  =  I-(  (I-1)/3)*3 
GO  TO  (34,35,36)  ,K 

34  M=  1 
Ml=3 
M2  =2 

GO  TO  37 

35  M=  2 

Ml  =  1 


■ 
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M2=  3 

GO  TO  37 

36  M=3 
M1=2 
M  2=  1 

37  XC  (M)  =XM+2.0*  XM1  +  XM2-D  (1)  *XC  (Ml )  — D  (2)  *XC(M2) 

XD  (M)  =XC(M)  4-  2 . 0  *  XC  (Ml)  +  XC  (M2)-D  (3)  *XD  (Ml )  -D  (4)  *  XD  (M2) 
XE  (M)  =  XD  (M)  +  2.0*XD(M1)  +XD(M2)  -D  (5)  *XE  (Ml)-D  (6)  *XE  (M2) 
39  X  (I)  =XE  (M)  +2.  0*XE  (Ml)  4-XE  (M2)  -D  (7)  *X  (1-1)  -D  (8)  *X  (1-2) 

C 

C  FILTER  IN  REVERSE  DIRECTION 

C 

XM2=  X  (N) 

XH1 =X  (N-1) 

XM=X  (N-2) 

XC  ( 1)  =  XM2 

XC  (2)  =XM  1  +2.  0*XM2-  D ( 1 ) *XC  (1) 

XC  (3)  =XM+2.  0*  XM  1  +  XM2-D(  1)  *XC  (2)  -D  (2)  *XC  (1) 

XD  (1)  =  XC  (1) 

X D (2)  =  XC  (2)  +2.0*XC  (1)-D  (3)  *XD(1) 

XD  (3)  =XC  (3)  +  2  -  0* XC  (2)  +XC  (1)-D(3)  *XD(2)  -D  (4)  *XD(1) 

XE  (1)  =XD  (1) 

XE(2)  =XD  (2)  4-2.0  +  XD  (1)  -D  (5)  *XE(1) 

XE  (3)  =XD  (3)  4-2  -  0*  XD  (2)  +XD  (  1) -D  (  5)  *XE  (2)  -D  (6)  *XE(1) 

X  (N)  =XE  (1) 

X  (N-  1  )  =  XE  (2)  +2,  0*XE  (1)  -D(7)  *X(N) 

X  (N-2)  =XE  (3)  4-2.  0*XE  (2)  4-XE  (1 )  -D  (7)  *X  (N-1)  -D  (8)  *x  (N) 

DO  49  1=4, N 
X  M  2=  X  M  1 
XM  1  =  XM 
J=N-I4-1 
XM=X  (J) 

K=  I—  (  (I-  1)/3)  *3 
GO  TO  (44, 45, 46), K 

44  M  =  1 
M1=3 
M  2=2 

GO  TO  47 

45  M=2 
Ml=  1 
M2=  3 

GO  TO  47 

46  M=3 
Ml=2 
M  2=  1 

4  7  X  C  (M)  =  XM4-2.  0*  XM1  +  XM2-D  ( 1)  *XC  (Ml)  -D  (2)  *XC(M2) 

XD  ( M)  =XC  (M)  4-2  -  0*  XC  (Ml)  +XC  (M2)-D  (3)  *XD  (Ml)  -D(4)  *XD(H2) 
XE  (M)  =XD  (M)4-2.0*XD(M1)  4-XD(M2)  -D  (5)  *XE  (Ml)-D  (6)  *XE(M2) 
4  9  X  (J)  =XE  (M)  4-2.  0*XE  (Ml) +XE  (M2)  -D  (7)  *X  (J  + 1)  -D  (8)  *X  (J4-2) 
IF  (IG.NE.1)  RETURN 
DC  59  1  =  1, N 
59  X(I)  =  X  (I)/G 
RETURN 
END 
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C 

C  LOG SMOOT H2  BY  DAVE  GAKLEY  ON  AUGUST  16,  1977. 

C 

C  THIS  FROG  BAM  IS  MEANT  TO  BE  USED  WITH  LOG  SMOOTH  1. 

C  LOGSMOOTH1  WILL  PRODUCE  A  SMOOTHED  LOG  AND  THIS 

C  PROGRAM  WILL  ELIMINATE  THIN  LAYERS  IN  A  ZONE  OF 

C  MONOTONIC  CHANGE  IN  LOG  VALUE.  THIS  IS  DONE  BY 

C  AVERAGING  THESE  THIN  LAYERS  INTO  ADJACENT  LAYERS. 

C 

DIMENSION  X  (1  200)  ,  ID  (1200)  ,Y  (12  00)  ,JD(1200) 

READ  (5,1)  IDC,XP  ,IDS 

C**** 

C  IDC  =  CRITICAL  THICKNESS.  LAYERS  OF  THIS  THICKNESS 

C  OR  LESS  ARE  ELIMINATED  IN  A  ZONE  OF  MONOTONIC 

C  CHANGE  IN  LOG  VALUE. 

C  XP  =  PER  CENT  CHANGE  BETWEEN  LAYERS  THAT  WAS  USED  IN 

C  BLOCKING  THE  ICG  ORIGINALLY.  CHANGES  IN  LOG 

C  VALUE  LESS  THAN  THIS  PER  CENT  WERE  NOT  RECOGNIZED 

C  AS  DIFFERENT  LAYERS 

C  IDS  =  START  DEPTH  OF  LOG 

1  FORMAT  (15, F5. 0,15) 

WRITE  (6,5)  I  DC,  XP 

5  FORMAT  ('ID  =  ',15,'  PER  CENT  =  ',F7.1,//) 

XP=XP/100.0 
IDC2=2*I DC 

DO  9  1=1,  1201 
NI=I 

READ  (1,2,  END=  10)  ID(I),X(I) 

C  **** 

C  ID  =  LAYER  THICKNESS  FOR  BLOCKED  10G  PECDUCED  BY 

C  LOGS MOOT HI 

C  X  =  LOG  VALUE  FOR  LAYER  OF  THICKNESS  ID 

C***$ 

9  CONTINUE 

2  FORMAT  (1 5,  F 1  0.  3) 

WRITE  (6,3) 

3  FORMAT  ('1  LOGSMOOTH2  CAN  ONLY  HANDLE  1200  LAYERS') 
STOP 

10  N=NI-1 
J  =  1 

1  =  0 

39  1=1+1 

IF  (I.  GT.N)  GO  TO  40 

11  IF  (ID  (I)  .  LE.  IDC)  GOTO  13 

12  Y(J)=X(I) 

JD (J) =ID  (I) 

J=  J+1 

GO  TO  39 

13  IF  (I.EQ.  1.0R.  I.EQ.N)  GOTO  12 

XS=X (I) -X (1-1) 

IF  (XS*(X  (I+1)-X(I))  .LI. 0.0)  GO  TO  12 
IDI=ID  (I) 

XI=X  (I)  *1 D  (I) 


236 


K  =  I  +  1 

15  IF  (ID  (K)  •GI.IDC)  GO  TO  17 

IF  (IDI+ID  (K)  .GT.IDC2)  GO  TO  17 
XST=X  (K) “X  (K —  *1 ) 

IF  (XS*XS T.LT.0.0)  GO  TO  17 
XI=XI  +  X  (K)  *1  D (K) 

ID I=IDI+ID  (K) 

K=K  +1 

IF  (K.GT.N)  GO  TO  17 
GO  TO  15 
17  XA=XI/IDI 

XT-XA-Y  (J-  1) 

IF  (XT  .LT  .0.0)  GO  TO  21 
XT= XT/XA 
GO  TO  23 

21  XT=-XT/Y(J-1) 

23  IF  (XT -GT  .XP)  GO  TO  25 

Y  (J-  1)=  (Y  (J-1)  *JD  (J-1)  ■*'XA*I  DI)  /(IDI  +  JD  (J-  1)  ) 

J  D  (J-  1)  =  JD  (J-1)  +IDI 

GO  TO  38 

25  IF  (K.GT.N)  GO  TO  37 
XT=XA-X  (K) 

IF  (XT.LT.  0.0)  GO  TO  27 

XT=XT/XA 

GO  TO  29 

27  XT=—  XT/X  (K) 

29  IF  (XT.GT.  XP)  GO  TO  31 

X  (K)  =  (X  (K)  *ID(K)  +  XA*IDI)/(IDI+ID  (K)  ) 

ID  (K)=ID  (K)  +IDI 
GO  TO  38 

31  IDl2=IDI/2 

Y  (J-  1)=  (Y  (J-1)  ♦JD  (J-1)  *XA*IDI2)  /(IDI2+JD  (J-1)  ) 
J D  { J-  1)  =  JD  (J-  1)  +IDI2 

X  (K)  =  (X(K)  *ID(K)  +XA+IDI2)/  (IDI2+ID  (K)  ) 

ID  (K )  =  ID  (K)  +IDI2 

IF  (IDI.  EQ.  2*IDI2)  GC  TO  38 

34  IF  (AES(XA-X(K)  ).  GT.  ABS  (XA-Y  (J-1)  )  )  GO  TO  35 
X  (K)=  (X  (K)  *ID(K)+XA)  /(U0+ID(K)  ) 

ID(K)=ID(K)  +1 

GO  TO  38 

35  Y  (J-1)  =  (Y  (J-1)  *  J  D  ( J-  1)  +XA)  /  (1.0  +  JD  ( J-  1 )  ) 

JD  (J-  1)  =  JD  (J-1)  +1 

GO  TO  38 

37  Y(J)=XI/IDI 
JD  ( J) =IDI 
J=J  +  1 

38  I=K-1 

GO  TO  39 
40  IDS= IDS- 1 
J=J-1 

DO  49  1=1 , J 
W BITE  (2,2)  J D  ( I)  ,  Y(I) 

WRITE  (6,4)  IDS,  JD  (I)  ,  Y  (I) 

IDS=IDS+JD  (I) 

49  CONTINUE 
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49  CONTINUE 

4  FORMAT  (•  DEPTH  TO  TOP  =  ',I5#»  THICKNESS  =  »,I5, 
•  »  LCG  VALUE  =  ' , F12.6) 

STOP 

END 


